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As shown in Fig. 1, methotrexate (MTX) and aminopterin, 2,4-
diaminofolate antagonists, are widely used for chemotherapies of
cancers such as acute lymphocytic leukaemia, acute myelogenous leu-
kaemia, choriocarcinoma, carcinoma of the head, neck, lung and
b d f I " d ." 1-3)reast, an 0 genera lse psorlaS1S. The therapeutic action
DFR which
Especially, thymidylate is syn-
is based on a potent or stoichiometric inhibition of dihydrofolate
reductase (DFR, EC 1.5.1.3) in carcinoma cells. l ,4,5)
catalyzes the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydro-
folate in the presence of NADPH has a key role in the synthesis of
tetrahydrofolate and therefore in purine and thymidylate synthesis
for providing DNA precursors. l )
thesized de novo in the thymidylate synthetase (EC 2.1.1.45) reac-
tion. Thymidylate synthetase catalyzes a novel reaction in which
a methylene group is both transferred from 5,lO-methylenetetiahydro-

















d TM P-d TTP - DNA
NADP Tetrahydrofotate-5,10-Methylene- dUMP
                             tetrahydrofotate
Fig. 2. Interrelation ship of Dihydrofolate Reductase and
          Thymidylate Synthetase
dation of the tetrahydrofolate to dihydrofolate6-8) (Fig. 2). The
dihydrofolate is reduced to tetrahydrofolate by the DFR reaction com-
                                      6,8,9)
                                             and reconverted to 5,prised the thymidylate-synthesis cy le
10-methylenetetrahydrofolate by the addition of the appropriate one-
carbon unit. MTX and aminopterin as the effective inhibitors of
the DER reaction regulate the thymidylate--synthesis cycle and decline
the DNA synthesis. Therefore, IY[[I]X and aminopterin are used not
only for the chemotherapy of eancer, but also for elucidation of
Fig. 3. Scanning Electron )ifcro-
graph of CTithidia faseieuZata.
A Hitachi Scanning Electron MLcro-
scopy S-450 was used.
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these reactions in various
     .organlsms.
   The trypanosomid flagel-
late, Crathadia foseieuZata,
is a parasite of Culex and
AnopheZes mosquitoes, and its
body is usually elongated and
fusiform or pear-shaped with
a length of 4- 10 vm and a
width of about 3 vm (Fig. 3).
["iis protozoan requires a small amount (O.4 - 21 n}D of a 6-alkyl-
                                                             10-12)pterin such as L-e?ythi'o-biopterin and 6-hydroxymethylpterin.
It is noted for its usefulness as a biological system for assay of
                              l3)pteridine eompounds (Table I).
                                    This protozoan also requires
                                                                 10-unusually high amounts of folate (230 - 2,300 nM) for its growth.
12,14)
          However, the folate coneentration requÅ}red for growth is
reduced to 1 - 11 nM, when a small amount of L-e?ythpo-biopterin
           1O--12)
                     The author, preliminarily, found that MrX andis present.
aminopterin promoted the growth of C. faseiezaZata ATCC 12857 at the
     Table l• Chenically Defined ){ediurn of SaMe COnCentrations
                             13)
               Crithidia faseiauZata
                                                 as did folate, with-
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out showing any
inhibitory effect.
   In this thesis,
in order to eluci-
date the metabolism










Secondly, the effect of urx on the DFR activity of C. faseaeuZata
in vivo, and purifications and properties of the two DFRs [DFR and
pteridine reductase:dihydrofolate reductase (PtR:DFR)] aetivity in
this protozoan are deseribed. Thirdly, the uptake and metabolism
of MTX by C. faseieuZata and isolation of the metabolites of M[X
are described. Fourthly, the author developes the radioassay for
the activity of the new enzyme which catalyzes the hydrolysis of
folate to pteroate and glutamate and is named tentatively as folate-
hydrolyzing enzyme (FH-enzyme), and describes distribution of the
enzyrne in biological cells and tissues. Finally, the purification
and properties of the IM-enzyme in C. faseaeuZata are described and
a possible mechanism for metabolism of "[rX and folate in C. faseaeuZata
is also proposed.
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                         Chapter I
     Promoting Effect of Methotrexate and Aminopterin
                                                   a)
     on the Growth of CTithidia faseieuZata
     It is generally known that MTX and aminopterin inhibit the
growth of many bacterial and mammalian cells on the basis of a po-
                                        1)tent and irreversible inhibition of DFR.
                                             Prelininarily, the
author found that the growth of C?ithadaa faseieuZata ATCC 12857
was not inhibited, but rather promoted, by urX and andnopterin at
coneentration of O.1 rriM. This chapter describes the promoting
effect of MTX and aninopterin on the growth of C. faseieuZata.
                      ICATERIALS AND ME[IHODS
     Mate?iaZs. Adenosine-3'-monophosphate (from yeast), amino-
pterin and hemin were obtained from Sigma Chemical Co. Ml]X was
from Lederle Ltd. Vitamin-free acid hydrolyzed casein (Casamino
acid) was from Nissui Pharmaceutical Co. Millipore filters (O.45
pm in diameter) were from IYtt11ipore Co. Guanine-HCI and adenine
sulfate were from Kohjin Co.,Ltd. Thymine, thymidine, adenosine,
biotin, nicotinic acid, nicotinamide, riboflavin, thiamine-HCI,
pyridoxal-HCI, pyridoxamine-2HCI, pyridoxine-HCI, calciurn pantothe-
nate, L-glutamic acid, L-tryptophan, DL-alanine, DL-methionine, L-
tyrosine, L-phenylalanine and other chemicals were obtained from
Nakarai Chemicals Ltd., Kyoto.
     Medium and gyowth eonditions fo? C. faseieuZata. e. fascic--
                               -6 --
uZata ATCC 12857 was grown at 250C in a Coleman eolorimetrie cuvette
(19 x 105 mm, round) containing the chemically defined medium (10 ml)
                    2)
                       (see Introduetion). MX (O.1- 100 v}I),described by Guttma
aminopterin (100 vM) or L-e"ythyo-biopterin (O.04 - 1.7 nM) was a-
septically added to the medium by filtrating through a M!lipore
filter. The cell growth was assayed turbidimetrically with a
Coleman Model 6-20 Spectrophotometer and was shown by transmittance
(T%) at 675 nm.
     Por7epayation of eeZZ-free extyaet of C. faseiezaZata. The cells
grown in the chemically defined medium (100 ml) containing 1.5 nM
L-eTyth"o-biopterin or O.1 vM MTX were harvested at the log phase
(T=50%) by centrifugation at 3,OOO x g for 5 min and washed thor-
oughly with O.9% (wlv) saline. The ceils were suspended in 5 ml
of O.1 M potassium phosphate buffer, pH 7.0, containing 1 mh EDTA,
and disrupted for 5 nin on ice with a Kaijo-Denki 20 kHz Ultrasonic
Osci!lator. The supernatant solution obtained on centrifugation
at 12,OOO x g for 30 min was used for testing the DFR activity.
     Assay method fo? DFR aetivaty. The DFR activity in the cell-
free extract of this protozoan was determined photometrically by
                                                 3)the method described at the following chapter II. The DFR
activity was defined as the amount of tetrahydrofolate produced per
min uhder the assay conditions.
     Dete?manataon of p?otein. Protein was determined by the
                                4)method described by Lowry et aZ.
-7-
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                    RESULTS AND DISCUSS!ON
Effeet of ueX and amanoptenin on the g"owth of C. fascieuZata
The growth curve for a. faseieuZata showed a lag as long as
40 hr, even in the medium including 2 nM L-erlyth?o-biopterin
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      Effect of Methotrexate, Aminopterin and L-
Erythro-biopterin on the Growth of C. fasciculata.
C. fbsciculata was grown at 250C in the chemically defined
      containing one of the following compounds:
methotrexate [O.1ptM (O O); 1ptM (O-•-•-O);
10N IOO ptM (O-----O)], aminopterin [100 ptM (A A)],
   L-er)'thro-biopterin [O,21nM (e----e); O.85nM
(e-•-•-e); 1,7nM (e---e)].
       o
    A
     E
     = 20
    R
    o
    6 4o
    s
    t
      60
    l
    )
    8 Bo
    e
         lh••••
      1OO
        O 80 100 120 140 160
              TIME(hr)
FiG. 2, Stimulating Effects of Methotrexate and
Aminopterin on C fasciculata Grown in the Biopterin-
medium,
After 84-hr incubation (l ) in the medium containing
O.llnM L-er.vthro-biopterin, O.lmM of methotrexate
(O O) or aminopterin ((!)---O) was added,
(e----e), control gro.wth with O.1l nM biopterin.
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the concentration required for
                     5)half-maximum growth.
                          As
shown in Fig. 1, blIX (O.1 - IOO
pM) and aminopterin (100 u}I)
promoted the growth-rate as
well as L-e?ythyo-biopterin (
O.21, O.85 and 1.7 nM). [Vhe
growth eurve obtained with the
medium including O.1 uM M![X
coincided with that with the
medium including O.85 n)I bio-
pterin. As shown in Fig. 2,
the addition of 100 pN M[I]X or
aninopterin to the medium in-
cluding O.ll nM biopterin at
84 hr of cultivation caused
the growth-rate promotion.
  IZPze DFR aetivity in C. fas-
  eieuZata Some manmalian
and bacterial cells showing
  TABLE I, DIHyDROFOLATE REDUCTASEACTIvlTY
     IN CELLS GROWN IN METHOTREXATE-
          AND BIOPTERIN-MEDIA
 C. fasciculata was grown in the chemically defined
rnedium (100ml) containing O.lpM methotrexate or
1,5nM L-erythro-biopterin at 250C and harvested at the
log phase (T==50%,), Dihydrofolate reductase activity
was assayed by the photometric method described pre-
viously,iO} The reaction mixture contained 50mM po-
tassium phosphate, pH 7,O, 30mM 2-mercaptoethanol,
80pM dihydrofolate, 80ptM NADPH and the cell-free
extract in a total volume of 2.5 ml. The reaction mixture
without NADPH and dihydrofolate was preincubated
for 3 min at 300C, and then the reaction was initiated by
adding NADPH and dihydrofolate. The decrease in




with added Total activity* Specific activity*







  * The enzyme activity was defined as the amount of
    tetrahydrofolate produced per min under the stan-
    dard assay conditions,
          3)
             and PtR:DFR which reducesthan 1 nM,
gated pteridines such as L-thpaeo-neopterin
and is inhibited competitively by lffX
mounts of the PtR:DFR activity also
wlien assayed with L-threo-neopterin
cates that the types and amounts of
MTX-medium were the same as those in
                  11)
     Kidder et aZ.
               have reported
folate to 6-hydroxymethylpterin and
tive growth factors. The amounts
for growth were the same as that of
resistance toward IY[rX show an
                         6-9)
elevated activity of DFR.
  As shown in Table I, the DFR
activity in the cells grown in
the medium including O.1 vM rvr]]X
was the same as that in the me-
dium including 1.5 nM biopterin.
As described in the following
chapters (II and III), this
protozoan has two types of DFR:
A major DFR which reduces only
dihydrofolate and is inhibited
irreversibly by IY[rX and amino-
pterin at concentrations lower
   dihydrofolate and unconju-
       and 6-hydroxymethylpterin
               10)
                     Small a-(O.1 -= 1 vM).
existed in both lots of cells,
as the substrate. [lhis indi-
DFR of C. faseieuZata grown in
 the case of biopterin-rnedium.
that C. fascieuZata metabolizes
biopterin which are more effee-
of MTX and aminopterin required
                        12-15)folate (230 - 2,300 nM).
-9-
The present results indicate that this protozoan may metabolize MTX
and aminopterin as well as folate to compounds that may be used
effectively to promote growth.
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                        Chapter II
     Purification and Properties of Dihydrofolate
     Reductase from c?ithadaa faseaeulatab)
     As shown in Scheme I, an enzyme which catalyzes the reduetion
of 7,8--dihydrofolate to 5,6,7,8-tetrahydrofolate in the presence of
NADPH (or NADH) has isolated from many sources.1-6) [[his enzyme,
generally referred to as dihydrofolate reduetase (DFR), bears the
systematic name 5,6,7,8-tetrahydrofolate:NAD(P) oxidoreductase (EC
1.5.l.3). The enzyme also catalyzes the reduction of folate to
tetrahydrofolate, but at a much slower rate than the reduction of
                                              1,3)dihydrofolate, particularly at physiological pH.
                               COOH
                                t
          o 9H2
     ,,HN.Nts(,'[Nf-))ll(NNH)Hc,Hi,"N.,Ryd.f.Ottll.I,NIIIIR,d2o, +NADpH+,+
                                         COOH
                                         I
        . ,,:AN[l,i}il(/,i):c,ra-R02•-N-11,g8,, + ,,,,+
                            Tetrahydrofolic acid
               Dihydrofotate Reductase (EC 1.5.1.3)
                           Scheme. I
   The occurrence of the DFR activity has been reported in high-
speed centrifugal supernatant fractions of C. faseieuZata ATCC 11745
                              -12-
                        7)and Crdthidia oneopelti.
                              However, the detailed propertÅ}es were
not reported. This chapter dea!s with the purification and char-
acteristic properties of DFR from C. faseaeuZata ATCC 12857.
                      Iy[ATERIALS AND ]Y[E[I]HODS
     Mate?aaZs. NADP, NADPH, NAD, NADH, bovine pancreas ct-chymo-
trypsinogen A, hog stornach-mucosa pepsin, bovine liver glutamate de-
hydrogenase, ovalbumin, bovine serum albumin and aminopterin were
purchased from Sigma Chemtcal Co. Pteroic acid and urX were from
Lederle Lab. Yeast extract was from Oriental Yeast Co. Polypepton
was from Daigo-Eiyo Co. Henin was from Tokyo-Kasei Kogyo Co.
Liver fraction L was from Nutritional Biochemicals Co. y-Globulins
was from Mann Research Lab. Sephadex G-150, DEAE-Sephadex A-50,
CM-Sephadex C-5e and Sepharose 4B were from Pharmacia Fine Chemicals.
Other chenicals were purchased from Nakarai Cheinicals Ltd., Kyoto.
Dihydrofolate and dihydrohomofolate were prepared by the method of
         8)
               9)
                           respectively. Other pteridine compoundsFutterman      and Kaufman,
                                           10)were reduced by the method of Shiota et aZ.
     Methods.
     G?owth of C?ithiclia faseaeuZata. C. faseicuZata ATCC 12857
was grown by agitating at 250C for 3 days in the culture medium de-
                  11)
                      containing O.5% (w/v) yeast extract, O.5% (wlv)scribed by Guttman
polypepton, 1.57. (wlv) sucrose, O.O0257. (wlv) hemin and O.O17. (wlv)
liver fraction L. The cells were harvested by continuous centri-
fugation at 10,OOO x g with a High Speed Centrifuge CM-60RN, Tomy
                               -13-
Seiki Co. Ltd., and then washed with saline. [I]he moist cell paste
was stored at -200C until use to make extraet.
     Stanclaor7d assay eondations fo? DFR. [[he DFR activity was as-
sayed by the spectrophotometric method described by Mathews and
Huennekensl2) which is based on the deerease of absorbance at 34o nfn
due to conversions of NADPH to NADP and dihydrofolate to tetrahydro-
folate. [[he molar exttnction coefficient for reduction (12,300
mol-lcm-1 at 34o nm) was used to ealculate the amount of dihydro'
folate reduction.l3) The standard reaction mixture (2.s f[}1) con-
tained 50 miY[ potassium phosphate, pH 7.0, 30 mh! 2-]Y[E, 80 vM NADPH,
80 pM dihydrofolate and enzyme in a cuvette. The reaction mix-
ture excepting NADPH and dihydrofolate was preincubated for 3 min
at 300C, and then the reaction was initiated by adding dihydrofolate
and NADPH in this order at short intervals of 10 - 20 sec. A de-
crease in absorbance at 340 nm for one min was measured with a Hi-
tachi 124 Spectrophotometer eonnected to a Hitachi QPE 34 recorder.
The reaction proceeded linearly for 5 min. One unit of the en-
zyme aetivity is defined as the amount of enzyme whÅ}ch catalyzes
the reduction of 1 vmol of dihydrofolate per min under the standard
assay conditions.
     Poriepauataon of modified foZate-Sephapose 4B. Folate-Sepha-
rose 4B was prepared by modifying the rnethod described by Whiteley
et al.14) sepharose 4B was activated by cNBr according to a re-
                 14)
                        The Sepharose was washed repeatedly withported procedure.
cold O.1 ltl NaHC03 (pH 9) and then treated with 5 ml of hexamethyl-
                                -14-
enediamine (O.16 g) in the same buffer. After the mixture were
stirred at 40C for 24 hr, the product was collected by centrifuga-
tion and washed thoroughly with the buffer and water. An aqueous
solution (5 ml) containing folic acid (56 mglml), adjusted to pH 6.5,
and 1-ethyl-3-(3-dimethylaminopropyl)carbodtimide hydrochloride (O.15
g) was added to the above preparation of hexamethylenediamine-Sepha-
rose resuspended in water (25 ml). After readjusting pH to 6.5, the
mixture was stirred for 3 days at room temperature. The reacted
gel was washed sequentially with water, O.1 N NaOH and water. A
small portion of the product gel (15 mg dry wt) was hydrolyzed with
6 N HCI (2 ml) at 1100C for 48 hr. From the amino acid analysis
of glutamic acid in the supernatant solution of the hydrolyzed gel
using a Hitachi KLA-5 analyzer, the amount of folate bound to Sepha--
rose 4B was calculated to be 12 vmol of folate!g of dry gel.
     Aeorylamade gel eleetvopho?esas. Acrylamide gel electrophoresis
                                                           15)
                                                                SDS-was performed at 2 mA per gel at pH 8.3 according to Davis.
polyacrylanide gel electrophoresis was conducted in O.1% SDS-O.1 M
phosphate buffer, pH 7.2 at 8 mA per gel according to Weber and Os-
born.16) To determine the position of protein, the gel was stained
by incubating with O.2% Coomassi br"liant blue G-250 for 5 hr.
[[he gel was then destained in 10% methanolllO% acetic acid solution.
The DFR activity on the gel was determined by the method according
                l7)
                   : The gel was Å}ncubated with O.1 ly! Tris-HCI bufferto Dunlap et aZ.
(pH 7.0) containing 1 uiM NADPH, 40 vM dihydrofolate and NTT (1 mglml)
at room temperature for 30 min. The forrnation of purple band of
                                 -15-
MTT-formazan was dependent upon tetrahydrofolate produced.
     GeZ-fiZt?ataon foy the dete?mination of the moZeeuZay wetght.
     The molecular weight of DFR was estimated on a Sephadex G-150
column (1.5 x 84 cm) equilibrated with O.1 M potassium phosphate, pH
6.5, contaÅ}ning 5 mh 2-1hll and 1 uiM EDTA. The columm was calibrated
with tryptophanase of P?oteus ?ettge?i (220,OOO), bovine y-globulin
(160,OOO), bovine serum albumin (63,OOO), ovalbumin (43,OOO), pepsin
(35,OOO) and ct-chymotrypsinogen A (25,OOO) as markers of known mo-
lecu!ar weight.
     DeteTnTinataon of p?otein. Protein was determined by the meth-
                  18)od of Lowry et aZ.
                   using bovine serum albumin as the standard or
by uv absorbance at 280 nm.
     P?epapation of puor}ified DFR.
     1) PTepaMataon of homogenate. All operations were carried out
at O - 40C. Frozed cells (2 kg) of C.fa$eieuZata were suspended
in 6 volumes of O.l M potassium phosphate, pH 7.0, containing 1 mi1
EDTA. The cell suspension was dÅ}srupted by sonicating wÅ}th a
Kaijo--Denki 20 kHz Ultrasonic Oscillator and centrifuged at 12,OOO
x g for 20 min.
     2) Anm7onium sulfate fpaetion. Solid ammonium sulfate was
added to the turbid supernatant to 357. of saturation. After stir--
ring for 30 min, the precipitate was removed by centrifugation and
discarded. The resulting supernatant was brought to 55% of satu-
ration with additional ammonium sulfate.
     3J DEAE-Sephadex A-50 eolumn eh?omatogwaphy. The precipitate
                               -!6-
was dialyzed against 40 liters of 25 rriM potassium phosphate, pH 7.4,
containing 1 mh EDTA. After removing insoluble materials by cen-
trifugation, the supernatant (1,370 ml) was applied to a DEAE-Sepha-
dex colurm (10 x 15 cm), equilibrated in advance with the same buffer.
The colurnn was developed with 1,500 ml of 25 nk potassium phosphate,
pH 7.4, containing 1 inM EDTA and O.3 M potassium chloride. The
active fractions were pooled and brought to 55% of saturation with
additional ammonium sulfate. The precipitate was dialyzed against
15 liters of 25 MM potassium phosphate, pH 7.4. [rhe dialyzed so-
lution (376 ml) was applied to the second DEAE-Sephadex column (2.5
x 38 crn). The colurm was developed by a linear gradient of potas-
sium chloride from O to O.3 M in 25 mh potassium phosphate, and
fractions of 20 ml each were collected. The active fractions were
pooled and precipitated by adding solid anmonium sulfate to 55% sat-
uration. The precipitate was dialyzed against 50 mM potassium phos-
phate, pH 7.4.
     4) Sephadex C]L-150 eoZwnn ehpmomatography• The dialyzed solu-
tion was subjected to gel filtration on a Sephadex G--150 column (6
x 72 cm), equilibrated in advance with 50 mM potassium phosphate,
pH 7.4. Fraetions of 20 ml each were collected. The fractions
between #38 and IF48 (fraction I), IS49 and ft60 (fracti.on II) were
pooled. The major fraction II containing high enzyme activity was
precipitated by adding solid amnonium sulfate to 55% of saturation.
The precipitate was dialyzed against 10 liters of 50 mh potassiurn
phosphate, pH 6.5, containing 1 niM EDTA and 5 miI 2-ma.
                               -- 17 -
     5) CM-Sephadea C-50 eoZurm eh"omatog?aphy. The dialyzed so-
lution of fraction II was applied to a CM-Sephadex column (2.5 x 37
cm), equiiibrated in advance with the same buffer as described above.
After being washed with the same buffer, the columm was developed
with a linear gradient of 300 ml of 50 mit potassium phosphate, pH 6.5,
containing 1 miI EDTA and 5 mhf 2-1{[E in the mixing chamber and 300 ml
of 50 mMt potassium phosphate, pH 7.5, containing 1 tnM EDTA, 5 in}{ 2-l![E
and O.5 M potassium chloride in the reservoir. Fractions of 10 ml
each were collected. Each fraction between #6 and IS13 (fraction
IIb), VS47 and #55 (fraction IIa), and IS59 and fS65 (minor fraction)
was pooled. After being concentrated with a collodion bag, frac-
tion Ua was dialyzed against 5 liters of 50 mh potassium phosphate,
                                                                   'pH 6.5, containing 1 mh EDTA and 8 tnM 2-)4E.
     6) 2nd Sephadex G-150 eoZumn eh?omatog?ctphy. The dialyzed
solution was applied to a Sephadex G-150 colunm (1.5 x 90 cm), equi--
librated tn advance with the same buffer. Fraetions of 2 ml each
were collected.
     7? Afflnity ehTomatogvaphy on fioZate-Sephair'ose 4B. The active
fraction was applied to a folate-Sepharose 4B column (O.9 x 5.5 cm),
equilibrated in advance with 50 mh potassium phosphate, pH 6.5, con--
taining l mM EDTA and 8 mh 2-ME. The colunm was eluted by 30 ml
of the above buffer containing O.5 M potassium chloride, and then
by 20 ml of the buffer containing O.5 M potassium chloride and 1 mhI
dihydrofolate. Mie active fractions eluted by the latt'er buffer
were collected and dtalyzed against the above buffer containing O.5 M
                               - 18 --
 potassium chloride. About
by this colurm procedure.
80% of the DFRactivity was recovered
                            RESULTS
     PuTiffeataon of DFR The elution profiles for Sephadex G-150
and CM-Sephadex chromatographies are presented in Fig. 1. Table I
sumnarizes the purificatÅ}on procedure for DFR IIa from 2 kg of
Cntthidaa cells. The enzyme was purified 2744-fold with a yield
of 5.37e. The final preparation had a specific activity of 6860
and was homogeneous as shown by disc gel electrophoresis (Fig. 2).
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       FRACTtON NUtvtBER(20ml/TUBE)
FiG. IA. Chromatography
Dihydrofolate Reductase of Crithidia fascicuiata,
The reductase
Sephadex eluate was applied to a column (6 x 72 cm) of
Sephadex G-150, equilibrated with 5e mM
phosphate, pH
(reductase fraction I), and ff49 to 60 (reductase fraction
II) was pooled.
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FiG. IB. Chromatography on CM-Sephadex of the
Reductase Fraction II.
The reductase fraction II obtained by a Sephadex G-150
eluate was applied to a column (2.5 Å~ 37 cm) of CM-
Sephadex C-50, equilibrated with the same buffer as seen
in Fig. IA. The column was developed with a linear
gradient using 300 ml of 50 mM potassium phosphate at
pH 6.5/1 mM EDTA and 5 mM 2-mercaptoethanol in the
rnixing chamber and 300 ml of the same buffer at pH
7.5!O,5M KCI in the reservoir. Each fraction of "'6 to 13
(reductase fraction IIb), and fi47 to 55 (reductase
fraction IIa) was pooled.
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TABLEI. SuMMARy oF THE PuRIFIcATIoN oF DIHyDRoFoLATE REDucTAsE IIa
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' One unit ofthe enzyme activity is defined as the amount ofenzyme which catalyzes the reduction of 1 "mol of
  dihydrofolate per min under the standard assay conditions,
(--)
(+)
FiG. 2. Electrophoresis on Polyacrylamide Gel of the
Purified Dihydrofolate Reductase IIa (A, B) and the
SDS-treated Enzyme (C).
Gels A and C were stained with Coomassie brilliant blue
G-250 for protein. Gel B was incubated with a dye (see
text) to demonstrate enzyme activity.
     The physical properties of
ductase IIa and had ability to
as well as dihydrofolate (see





 responded to a band contammg
 enzyme activity (gel B).
    After being treated with 2-
 ME, the fraction I was eluted
 at a simi!ar fraction to the
 reductase IIa on a Sephadex G-
 150 colurm. Fraction l could
 not be obtained by chromatogra-
 phy of the homogenate on a
 Sephadex G-150 columm. Thus,
 fraction I was estlmated to be
 a polymer of the reductase IIa.
     IIb was similar to the re-
  several unconjugated pterins
   III and IV).








lized by the presence of 4 MM 2-ME and 30r. glycerol, although the
inclusion of 2-}ms in the purification steps, especially in the ammo-
nium sulfate fraction, lost totally the DFR activity.
     MoZeeuZay weaght and szthunit st"uetu?e As seen in Fig. 3 (
upper panel), a molecular weight of 110,OOO daltons was estimated by
                                     gel filtration on a Sephadex G-
    .s 30 TRy (A) 150 column. As seen in Fig.
    sto 20 GLO
    :' i5 .-s 2-c, sDs-treated reductase lla
    H10
    S8 BsA
    ;6 o,A revealed asingle polypeptide
    :2 .cHy band• As seen in Fig. 3(
    J
    3i lower panel), the molecular
       1.0 1.2 1.4 1.6 IS 2.0 2.2
                Ve/v, weight of the SDS-treated re-
                                     ductase IIa was estimated to be
     A
     "o lo (B)
   i' 6e BGSDAS({GH 58,OOO daitons. [rhese results
     l4 ovA PEP indicate that DFR IIa consists
                            GL
     [Åq"r.2 CHY
      8 of2subunits with the same
      ,g ,
      O.1 O.2 O.3 OA O.5 O,6
           RELATIVE t,K)BILITY
FiG, 3. Estimation of Molecular Weight of Dihydro-
folate Reductase IIa by Sephadex G-150 (Upper Panel)
and by EIectrophoresis on SDS Polyacrylamide Gel
(Lower Panel).
The Sephadex column was calibrated with: TRY,
tryptophanase; GLO, v-globulins: BSA, bovine serum
albumin; OVA, ovalbumin; PEP. pepsin, and CHY, ct-
chymotrypsinogen A, Elution volume versus void vol-
ume ( Vel Vo) was plotted against molecuiar weight. The
marker proteins used for electrophoresis were BSA,
OVA, PEP, CHY, GDH (glutamic dehydrogenase). GH
(H-chain of ),-globulins), and GL (L-chain of ))-
globulins). Each mobility versus BPB mobility (relative
mobility) was plotted against molecular weight. S (upper
panel), dihydrofolate reductase IIa; S (lower panel),
SDS-treated reductase IIa,
molecular weight. Thus, a
molar activity of 755 mol of
tetrahydrofolate produced per
min per mol of the enzyme was
calculated from the amount of
dihydrofolate reduced using a
molar extinction coefficient
for the DFR reaction (12,300
mol'lcm'1 ).13)
-- 21 -
    pff optimzun As seen
a single pH optimum at 7.0.
    Smbst?ate and eofaetor
        O.03
in Fig. 4,
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 FiG. 4. Effect of pH on the Activity of Dihydrofolate
 Reductase IIa,
 O O, sodium citrate buffer; e e, potassium phos-
 phate buffer; O--0, Tris-HCI buffer.
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     DIHYDFIOFOLATEixICrSM) NADPHCxlO-5M)
 FiG. 5. Effect of Dihydrofolate (A) and NADPH (B)
 on the Activity of Dihydrofolate Reductase IIa,
 The inset shows Lineweaver-Burk plots.
hydrofo!ate was identified as
trophotometric method using
                         19)6-phosphate dehydrogenase.
                              -
the reductase IIa shows only
$peeafleataes The purified DFR !Ia
       had the absolute requirement for
        dihydrofolate and NADPH. In
        the presence of NADPH, dihydro-
       homofolage (80 l.[M) was slightly
        effective as substrate at 1%
        dihydrofolate, but it was in-
        effective as substrate in the
  tetrahydrofoiate
NADPH-regenerating
     The
presence of NADH. The follow-
ing pteridine compounds were
ineffective as substrates at 80
lvlbl in the presence of 80 uM of
NADPH or NADH at pH values from
4 to 9: Folate, 10-formyZdihydro-
folate, pteroate, 7,8-dihydro-
pteroate, L-e?yth?o-biopterin,
L-e r?y thor7o-7 , 8-dihydrob iopterin ,
L-th?eo-neopterin, L-thf)eo-7,8-
dihydroneopterin.
   The reaction product of di-
          by a reported spec- ,
           system of glucose-
 reverse reaction was obtained
22 -
at only one tenth of the forward reaction.
      t-  Kznetze pa?ametevs The apparent Km values were calculated
from a double reciprocal plots. As seen in Fig. 5, the Km values
for dihydrofolate and NADPH were 1.1 and 2.7 1nt, respectively.
As shown in Table II, 10-formyltetrahydrofolate, 5-formy!tetrahydro-
folate, folate, 5,10-methenyltetrahydrofolate, 5-methyltetrahydro-
folate, tetrahydrofolate and 5,10-methylenetetrahydrofolate inhibited
the reduetase IIa activity in this order. The inhÅ}bition by each
folate eompound was competitive toward dihydrofolate, and the Ka
values for 10-formyltetrahydrofolate, 5-formyltetrahydrofolate,
                                                          20)folate and tetrahydrofolate (as estimated from Dixon plots                                                         ) were
O.64, 5.2, l6 and l30 vM, respectively. 10-Formyldihydrofolate
also inhibited competitive!y, and its Ki value was 1.4 vbl. Anti-
folates such as MCX, aminopterin, pyrimethamine and trimethoprim
inhibited the enzyme activity. The inhibition by the latter two
     Table II. Effect of Tetrahydrofolates and Folate on Dihydrofolate Reductase IIa
     The enzyine was preineubated with the folate compound for 3 min at 300C, and then the
  reaction was initiated by adding 80 u}i of NADPH and 8D pM of dihydrofolate in this order.
  The enzyme activity is expressed as relative activÅ}ty (Z) to the untreated enzyme.
Addition Concentration
   ( la]tf)
Relative aettivitv
























rk The enzyme activity was assayed in 50 mi( potassiuTn maleate buffer, pH 7.0.
- 23 --
                     (A) O.25 (B)
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       O.02
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                   MTX (nM) Enzyme (pg)
       Fig. 6. Titratton of the Purified DÅ}hydrofolate Reductase IIa by ){[I]X.
   (A): The purified DFR IIa (3.4 n)O was preÅ}ncubated for 3 min at 300C with varying
       amounts of )fi]X in the presence of 80 pbl NADPH, and the reaction was initiated
       by adding 80 PM dÅ}hydrofolate.
   (B): The varying amounts of the enzyme were preÅ}naubated wÅ}th (e) or without (o)
       3.7 nM MX.
compounds was also competitive toward dihydrofoiate, and the Ki
values for pyrimethamÅ}ne and trimethoprim were O.3 and 1.5 p}C, re-
spectively. On the contrary, MX and aminopterin showed a stoi-
                                               3)chiometric inhibition as reported on rnany DFRs. Figure 6 repre-
sents the interaction of MTX with the purified DFR IIa either by ti-'
tration of a fixed amount of the enzyme with MTX (A) or titration
of a fixed amount of b6[rX with the enzyme (B). The intercept at
the abscissa indicates the concentration of MTX required to inhibit
quantitatively an amount of the enzyme. From (A) and (B) in Fig.
6, it was calculated that one mol of the enzyme was inhibited by
O.81 and O.86 mol of }CTX, respeetively. [lhe concentration of
                                -24-
andnopterin required to cause complete inhibition of one mol of the
enzyme was also estimated to be O.88 mol.
     NADP inhibited the enzyme activity. The inhibition by NADP
was competitive toward NADPH, and its Ka vaiue was 8 nv[.
     Effeet of suZflzyd?yZ Meagents. ohaotropae agents, uvea and
     metal ions As shown in Table III, the enzyme activity was
inhibited strongly by 1.2 ptC of pCMB and O.2 rriM of NEM. The inhi-
bition was recovered by adding 8 m}I of 2-)4E. Urea and chaotropic
                                    agents such as guanidine-HCI and
  TABLE III. EFFECT OF SULFHYDRYL REAGENTS,
                                    formamide also inhibited the
         CHAOTROPIC AGENTS, AND
         UREA ON DIHYDROFOLATE
            REDucTAsEIIa enzyme activity. [lhe enzyme
  After the enzyme was preincubated with the reagent for
s min at 300C, the enzyme activity was measured under denatured with 4 ){ of urea, and
standard assay conditions. The enzyme activity is
expressedasrelativeactivity("/.)totheuntreatedenZYMe• could not be renatured by re-
                           Relative
  Addition activity moving urea by dialysis.
                            (V'.)
                                    Less than O.1 M of K+ had no
                            53.1
     1.2 uMpCMB*
                                    effect on the activity. More
          1.2 "M+2-ME'" (8 mM)
                    7 .5
                            20,O
  O.2 mMNEM***
                                                   +
                                                    , however,
                than O.2 M f K
         91.4    O,2 mM+2-ME*" (8 mM)
Guanidine-HCI O.08M 96.0
          glZ: KgÅí inhibited the activity.
Formamide
Urea 2,OM s6.s Other monovalent cations (Na,
          4,OM 7,O
 ' p"Chloromercuribenzoate. NH4+, Li+ and Cs+) or divalent
                                                              2+2+ 2+** 2-Mercaptoethanol.
                                                        and Ca )""* Ai-Ethylmaleimide, cations (Mg ,Ba
                                    had no effect.
                           DISCUSSION
     Three different fractions (I, IIa and IIb) having the activity
                               -25-
of DFR were obtained from the cell-free extract of C. faseieuZata
ATCC 12857. A major fraction IIa was homogeneously isolated and
its properties were characterized. A molecular weight of DFR iso-
lated from the most organisms has been estimated to be 15,OOO to
               1-3)
                      But, the molecular weight of the purified DFR30,OOO daltons.
IIa (110,OOO daltons) was similar to those of DFRs from Trypanosoma
                                              22,23)21)21)
                                PZasmodium sp.
                                   and soybean seed-Crdthtdea oneopeZti,sP''
lings?) which molecular weights have been reported to be 100,OOO to
200,OOO daltons. The Km values for dihydrofolate (1.1 l.M) and
NADPH (2.7 l.OI) for the DFR IIa were sinilar to those of the four
DFRs described above. Like the pZasmodeza77 sp.,22) c. faseaeuzata
ATcc 1174s,7) c. oneopezti,7) and soybean5) DFRs, the DFR lla was
unable to use folate as a substrate. In the gdnus C?athadaa, NADE[
did not replace NADPH as a hydrogen donor. Several DFRs have been
activated by pc"B,24un27) guanldine-Hcl,26'27) urea,23'25-30) and
monovaient or divalent cations,22'23'26'27'29-"3i) whereas the DFR ua
activity was inhibited by these compounds. This property of the
enzyme is characteristic in C. faseaeuZata ATCC 12857, and eould not
be observed in all other DFRs isolated thus far. The pH optimum
of the DFR IIa was 7.0, similar to the ranges found for C. faseaeu-
zata ATcc ll74s,7) c. oneopelta,7) soybeai) and pzasmodaztm sp.22)
                                                27,32)
                                                       10-formyl-Naturally occurring folates such as f late,
                                         34)27,30,33)
                                             and tetrahydrofolateor penta-glutamatespteroylrnono-
           29)
               including 5,10-methylene, 5,10-methenyl, 10-formylderivatives
and 5-formyltetrahydrofolates are relatively strong inhibitors of
                               •- 26 -
DFR. The DFR IIa activity was strongly inhibited by folate and
tetrahydrofolates (Table II). The DFR IIa was 38 and 23 times
rnore sensitive to inhibition by 10-formyltetrahydrofolate and 5-
                                                 29)
                                                     respectively.formyltetrahydrofolate than the bovine liver DFR,
NADP, one of the reaction products of DFR, has also been shown to
                              3)cause inhibition of many DFRs.                                 The DFR ZIa was 16 times more
sensitive to NADP than tetrahydrofolate, based on comparison with
the Ka values. These evidences suggest that the 0pathadia DFR
may be regulated by !evels of tetrahydrofolates and NADP in vivo.
     IY[rX and aminopterin were stoichiometric inhibitors of the DFR
lla as in the case of a number of other DFRs.1-3) The data of
the M:X titration indicate that one molecule of the DFR IIa consist-
ing of two subunits with the same molecular weight (58,OOO) may have
a single binding site for MTX (or aninopterin).
                      7)
     Gutteridge et aZ.
                    have classified DFRs to three groups of
mammalian, trypanosomal and bacterial DFIis by measuring the concent-
ration of trimethoprim required to effect a 50% decrease in the
enzyme activity. A 50% inhibitory concentration of trimethoprim
for the DFR IIa was 27 1.[M. Thus, the DFR IIa in C. faseaeuZata
ATCC 12857 was only one tenth as sensitive to the inhibition as was
the enzyme in C. j7aseaeuZata ATcC 11745.7) The relative insensi-
tivity of the DFR IIa to trimethoprim was rather sinilar to that of
                          7)C. oneopeZti and man DFRs.
     Multiple forms of DFR have isolated from bacteria such as
Laetohaealus easei,1'35) str]eptoeoeeus faeeizvn var duvans,36'37)
                               -27-
Eshex"iehaa eozi B (RT soo)38'39) and ntzpzoeoeeus zpneumoniae,40)
protozoa such as Tyypanosoma sp.2i) and c. oneopezti.2i) and mamma-
lian sources such as chicken liver,1) bovine liver,41'42) hamster
                                         44)43)
                                                [I]he present dataand L1210 lymphoma cells.kidney cells
indicate that there may be at least four DFR fractions (I, I!a, IIb
and minor) in C. faseieuZata ATCC 12857. Like the bovine liver,
41'42) hamster kidney,43) E. eozi B38'39) and D. pneun7onaae40) DFRs,
fraction I was a polymeric form of the DFR IIa. )tinor fraction
appeared to be the DFR IIa bound with NADPH as seen in the chicken
liver,l,45,46) L121o cens44) and L. easeal'35) DFRs. Fraction IIb
has similar physical properties to the purified DFR IIa. However,
fraction IIb was able to reduce dihydropteroate and several oxidized
unconjugated pteridines at a similar level with dihydrofolate, while
the DFR IIa reduced specifically dihydrofolate (see Chapters III
and IV).
     C. faseaeuZata has a nutritional requirement for folate as well
             47)
                    But, any evidence of folate reduction was unableas biopterin.
to detected by the present study either with four DFR fractions or
the crude extract of C. faseieuZata in the presenee of NADPH (or
NADH). A small part of folate has been reported to be converted
to 6-hydroxymethylpterin and biopterin in c. faseieuzata.48) The
auther has found that MTX and aminopterin promotes the growth of C.
                                        49)
                                               These evidences sug-faseieuZata at the same level as folate.
gest that C. faseieuZata may have the metabolic pathways for folate
and anti-folates such as MIrX and aminopterin.
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                          Chapter III
     The Occurrence and Properties of Pteridine Reductase:
     Dihydrofolate Reductase in C?ithadaa faseiozaZataC)
     In Chapter II, the author has isolated frorn C. faseieuZata
three fractions (I, IIa and IIb) having DFR activity, and fraction
                                                  1)IIa, a major DFR, has been isolated homogeneously.
                                                     DFR has been
isoiated from various sources,2-4) inciuding protozoa such as pzas-
modawn,5'6) c?ithidial'7-9) and T?ypanosoma.7) some DFRs also
                                                      10-12)2-4)
                  and some dihydropteridine compounds,
                                          as wellreduce folate
as dihydrofolate. Fraction IIa, as well as DFRs from protozoa
1,5,6,8)
         specifically reduced dihydrofolate. This suggests that
fractionsI and IIb may have some different substrate specificities
from fraction IIa. In the present chapter, fraction IIb was fur-
ther purified, and some of its properties were characterized.
The data showed that fraction IIb reduced various oxidized forms of
pteridine compounds, as well as dihydrofolate and dihydropteroate.
[[his property renders this enzyme quite different from any other
DFR isolated so far. Fraction IIb still had a dihydrofolate--re-
ducing activity, so the auther named it pteridine reductase:dihydro-
folate reductase (PtR:DFR).
                        MATERIALS AND MIETHODS
     Mate?iaZs. Pterin and MTT were obtained from Sigma Chemi-
cal Co. Glucose-6-phosphate was from Calbiochem. Yeast glu-
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cose-6-phosphate dehydrogenase (140 units/mg of protein) was from
Boehringer Mannheim GmbH. Other materials and chemicals were as
described in Chapter XI. The dihydro- or tetrahydro-forms of the
pteridine compounds were reduced according to the procedure described
           12)by Kaufman.
     Metkods.
     Pztrdfieation of f?aetion fib (pte?idine ?eduetase:dihyd"ofoZate
     veeduetase). All operations were carried out at O - 40C.
Fractions between IS6 and #13 collected from a CM-Sephadex colurm, as
described in Chapter U, were pooled, identified as fraction IIb and
used as the starting material for purifying pteridine reductase:di-
hydrofolate reductase (PtR:DFR).
     a) Ammoniwn suZfate p?eeipitation. The protein in fraction
IIb (80 ml) was precipitated by adding solid ammonium sulfate to
give 55% saturation. After stirring for 30 nin, the preci.pitate
was collected by centrifugation at 10,OOO x g for 10 min and dialyzed
against 10 liters of 50 mM potassium phosphate, pH 7.4, containing
1 Tri)6 EDTA and 8 mM 2-IY[E.
     b) DEAE-Sephadex A-50 eoZztmn ehyomatogvaphy. The dialyzed
solution (15 ml) was applied to a DEAE-Sephadex columm (2.5 Å~ 20 cm),
equilibrated in advance with the same buffer. [Uhe eolumn was
eluted by a linear salt gradient with 200 ml of 50 rnM potassium phos-
phate, pH 7.4, in the mixing chamber and 200 ml of the same buffer
supplemented with O.25 M potassium chloride in the reservoir.
Five milli!iter fractions were eollected. The active fractions
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were pooled and concentrated to 2ml by a collodion bag.
     c) Sephadex (]L150 eoZzann eh?omatog?aphy. The concentrated
solution was applied to a Sephadex G-150 colurm (1.5 x 85 cm), equi-
librated in advance with 50 mh potassium phosphate, pH 7.4, contain-
ing 1 rrtlY[ EDTA and 8 mM 2-ME. Two ni11iliter fractions were col-
lected, and the active fractions were pooled and concentrated to 2
ml (150 mg proteÅ}n). This final solution was used as the enzyrne
source.
     StandaTd assay eondataons fo? pte?adane "eduetase:dahydeofoZate
     ?eduetase. Pteridine reductase activity was measured by a
photometric method, based on a decreased in absorbance at 340 nm due
to contributions from the oxidation of NADPH to NADP and the reduc-
tion of the pteridine compound to a tetrahydropteridine compound.
Since it was determined that two mol of NADPH consumed during the
enzymic reduction of one mol of L-thr7eo-neopterin (Fig. 3), this
reaetion was formulated as follows:
                                        +
     L-thveeo-Neopterin + 2NADPH + 2H -
                                                  +
             L-thi)eo-Tetrahydroneopterin + 2NADP
T"-n this reaction the difference in molar extinction coefficients
(AE) at 340 nm was equal to the sum of 2 x 6,lso mol-lcm-1 (twice
theAe for the NADpH change at pH 6.o) plus s,ooo moilcm-1 (the Ae
for L-threo-neopterin reduction), or 17,3oo moilcm'l. [rhe molar
extinction differences (Ae's) for the enzymic reduction of 6-methyl-
pterin and 6-hydroxymethylpterin were also calculated as 18,OOO and
i7,6oo moi-icm-i, respectiveiy.
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     The standard reaction mixture, in a total volume of 2.5 ml,
contained 50 mM sodium citrate, pH 6.0, 30 mM 2•-]Y[E, 60 - 80 vM pteri-
dine compound, 80 pM NADPH and enzyme solution (90 vg of protein).
The reaction mixture, without NADPH, was preincubated for 3 min at
300C, then the reaction was initiated by the addition of NADPH.
The decrease in absorbance at 340 nm for one min was measured with a
Hitachi 124 Spectrophotorneter. (The reaction with each pteridine
compound proceeded lineaacly for 5 min.) The activity, with the
pteridine compounds as substrates, is defined as absorbancy decrease
at 340 nm for one min.
     However, the enzyme activity, using xanthopterin as a substrate,
was measured at 390 nm under the standard assay conditions in the
absence of 30 miy[ 2-bE, since the xanthopterin (Xmax 275 and 387 nm)
reacted rapidly with 30 rni}I 2-ME in 50 mh sodium citrate at pH 6.0
and changed to an unknown compound [Xmax 286 and 310 nm (inf!ection)].
     DFR activity was measured by the method described in Chapter
   1)II.
     Assay eondations foop sepaapteor)in veduetase. Sepiapterin re--
ductase activity was determined by the method deseribed by "latsu-
           13)bara et al.
     ULi speetvwn of ?eaetion pyoduct. That the PtR:DFR-catalyzing.
reaction with pteridine compounds can be followed spectrophotomet-
rically with the aid of a NADPH-regenerating system has been demon-
strated by osborn and Huennekens.14) The reaction mixture, in a
total volume of 2.5 ml, contained 50 rriM potassium phosphate, pH 7.0,
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  3o rriM 2-]Y[E, 20 - 60 pM pteridine compound, 20 yM NADPH, 10 mh glu-
  cose-6-phosphate, glucose-6-phosphate dehydrogenase (2.8 units) and
  enzyme solution (360 yg of protein). The reaction mixture without
  the pteridine compound was preincubated at 300C for 30 min, and the
  reaction was inittated by the addition of the pteridine compound.
  [rhe spectral changes occurring between 400 and 240 nm were measured
  at 6 min intervals by a Shimazu Multipurpose Recording Spectrophoto-
  rneter MPS-5000 with a reeording speed of 400 nm per .min.
      Polyaei7yZandde geZ eZeetpopho?esas. Electrophoresis on poly-
  acrylamide gel was performed under the same condi.tions as described
i in chapter II.1) The activity for PtR:DFR on the gel was also
                                             1)
  determined by the method already described.
       Detewtnation of pTotein eoneent?ataon. Protein concentra-
                                                   15)
  tion was determined by the method of Lowry et aZ.
                                                using bovin
  serum albumin as the standard.
                               RESULTS
      Pbtyifleation of pterddane peduetase:dihyd?ofoZate ?eduetase
       The final preparation of fraction IIb had both PtR and DFR
  activities. The DFR activity was purified 60-fold with a yield
                                  1)
                                    while this same procedure yield-of 5Y. from the crude homogenate,
  ed a 600-fold of the PtR activity when L-thf;eo-neopterin was used
  as the substrate. This enzyme contaminated one mÅ}nor protein
  band obtained on disc polyacrylamide gel electrophoresis (Fig. 1,C).
  When the gel was incubated further in the presence of 6-hydroxy-




 FiG. 1. Electrophoresis on Polyacrylamide Gel of Pter-
 idine Reductase : Dihydrofolate Reductase,
 Gels A and B were stained with MTT for 30 min at room
 temperature in the presence ot' 40 "M of' 6-hydroxymethyl-
 pterin and dihydrofolate, respectively. Gel C was stained
 tbr protein with Coomassie brilliant blue G-250,
later in this chapter, the enzyme
6-hydroxymethylpterin,
tively, at pH 6.0.
     StabaZity of the engyme
presence of ammonium sulfate.
saturation retained both PtR and
mum of one year.
     MoZeeulay weight of the enzyme
enzyme was estimated to be 110,OOO
filtration using the same procedure
     Subst?ate speeifieity and pH
           reduced
6-methylpterin
          The enzyme
          [lhe preclpltate
          DFR activities
 daltons
  described
   .0Ptzmm
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 methylpterin (Fig. 1,A) or
 dihydrofolate (Fig. 1,B),
 two active bands appeared at
 the same position on the gels.
 This indicates that the main
 protein band had both PtR
 and DFR activities. The
 enzyrne had a specific activ-
 ity of 154 nmol dihydrofolate
 reduction per nin per mg of
 protein at pH 6.8. However,
 considering the results ob•-
 tained from the NADPH-con-
 sumptÅ}on studies described
    65, 62 and 75 nmol of
and L-thor?eo-neopterin, respec-
      was stabilized in the
   ' ' obtained from 55%
  ' ' ' at OOC for a mini-
  The molecular weight of the
     by Sephadex G-150 gel
                      1)
        in Chapter II.
       As shown in Table I,
TABLE I. SUBSTRATE SPECIFICITY OF PTERIDINE
 REDuCTASE : DiHYDROFOLATE REDUCTAsE FOR
    CONJUGATED AND UNCONJUGATED
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   " Enzyrne activity is defined as the change in absor-
     bance at 340 nm observed for one min.
   b The number in parentheses indicates the pH of the
   e Enzyme activity was determined by measuring the
     decrease in absorbance at 390nm under standard
     assay conditions in the absence of 30mM 2-
     mercaptoethanol.
the enzyrne had a broad specificity for pteridine compounds, as well
as for dihydrofolate. Dihydropteroate, four neopterin isomers (
L-thor}eo-, L-er)ythor)o-, D-thr,eo- and D-e7ythr7o-), 6-hydroxymethylpterin,
6-methylpterin and pterin worked as effective substrates. However,
pteroate, 6--carboxypterin and 6-formylpterin were poor substrates.
Xanthopterin in aqueous solution shows a spontaneous decrease in
absorbance at 390 nm because of formation of 7,8-dihydro-7-hydroxy-
             16,17)
                       However, the rapid decrease in absorbance atxanthopterin.
      456789 456789
                PH
FiG. 2. Effect of pH on the Enzymic Reaction using
Dihydrofolate (A), Dihydropteroate (B), L-threo-Neo-
pterin (C) and 6-Hydroxymethylpterin (D) as Substrates.
O O, sodium citrate buffer: e-e, potassium phos-
phate buffer; O--0, Tris-HCI buffer.
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390 nm was caused by addition of NADPH to the complete reaction mix-
ture at pH 7.0. Folate, sepiapterin, L-epaytk"o-biopterin, iso-
xanthopterin and leucopterin were not reduced at any pH range between
8.0 and 4.5. The reduction of L-eir'ythor'o-7,8-dihydrobiopterin was
20Y. of that of L-thor'eo-7,8-dihydroneopterin.
     Each of the reactions having a pteridine compound as the sub-
strate required NADPH as the cofactor, and'
 NADH could not replace
the NADPH.
     The pH-aetivity profiies for dihydrofolate, dihydropteroate,
6-hydroxymethylpterin and L-thx)eo-neopterin are illustrated in Fig.
2. For the former two compounds, the pH optima were 6.8 and 7.0,
respectively. A broad optimum between pH 6.5 and 4.5 was shown
for 6-hydroxymethylpterin, while L-th"eo-neopterin had a double op-
timum at pH 6.0 and 4.5.
     Kinetae pa?amete?s [rhe apparent Km values for dihydrofo!ate,
dihydropteroate, 6-hydroxymethylpterin and L-th"eo-neopterin and for
                                      NADPH are given in Table II.
     TABLE II. Km VALuEs FoR DIHyDRoFoLATE.
     DiHYD:-Ot7,:,',E,oR-ONAETgÅrT6E-ViYNDARNODXYNMAETDHpYHLPTERiN' The Km vaZues of the enzyme
   Enzyme activity was assayed under standard assay for dihydrofolate and NADPH
  conditjons. The apparent Km values were calculated from
  Lineweaver-Burk plots.
                                      were higher than those of
                      Km for Km for
                pH of
                     cornpound NADPH" fraction IIa (1.1 and 2.7 p}(,  Compound
                 assay
                       (ptM) (ptM)
                                                    1)
                                      respectively).
                                     The Km
  Dihydrofolate 6,8 4,8 5.9
  Dihydropteroate 7.0 O.9 2.1
  6-Hydroxymethylpterin 6.0 3.4 s.g values for the two unconju-
  L-threo-Neopterin 6.e 3.5 11
   " TheseKn7valueswerecalculatedfromdatacollected gated Pteridines were similar
     in the presence of both the compound and NADPH.
              . to that for dihydrofolate.
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      TABLE III. Ki VALuEs FoR INHIBITIoN oF THE PTERIDII E REDucTAsE: DIHyDRoFoLA'rE
             REDuCTAsE ACTIvlTY BY BIoPTERtN. FOLATE, METHoTRExATE.
                  PYRIMETHAMINE, TRIMETHopRIM AND NADP
  Each substrate was added after preincubation of the enzyme with the inhibitor for 3 min at 30 C. The
reaction was initiated by the addition of NADPH. Both dihydrofolate reductase and pteridine reductase
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   a pH ofthe assay,
but, the Kin value for NAI)PH in the presence of L-thTeo-neopterin was
higher than those of the other three substrates.
     As shown in Table III, both PtR and DFR activit,ies were inhib--
ited by folate, L-e?ythor?o-biopterin, NADP and anti-folates, such as
brrX, pyrimethamine and trimethoprim. [the magnitude of inhibition
by both biopterin and MrX depended upon the pteridine eompound used
as the substrate and not on the dihydrofolate. Thus, the PtR
activity was inhibited to a greater extent by biopterin and MTX than
was the DFR activtty. Both activitÅ}es were also inhibited by
folate, NADP, pyrimethamine and trimethoprim at similar concentra-
             'tions. The presence of folate, biopterin, IYrTX, pyrimethamine or
trimethoprim produced competitive inhibition with the pteridine
                                                          18)
                                                             ).compounds and dihydrofolate (as estimated from Dixon plots
The inhibition by NADP was also competitive with NADPH.
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  FiG. 3. Changes in the Absorption Spectrum of 6-
  Hydroxymethylpterin during Its Reduction by Pteridine
  Reductase : Dihydrofolate Reductase,
  The reaction mixture contained the following: 50mM
   potassium phosphate, pH 7.0; 30mM 2-mercaptoethanol;
   50pM 6-hydroxymethylpterin: 20ptM NADPH; 10mM
   glucose-6-phosphate; glucose-6phosphate dehydrogenase
   (2.8 units); pteridine reductase : dihydrofolate reductase
   (360"g protein). Final volume was 2,5ml. The spectrum
   changes were recorded at 6 min intervals for a period of
   100 mm,
were used as substrates, similar
The spectral changes of the '
hydrofolate were in good agreement
               14)
and Huennekens.
     AIADPEI-eonsmptaon duTing the
of NADPH consumed during the enzynic
was deternined by measuring the
as shown in Fig. 4. There was a
     spectral
converslon
       with
pteridine cornpound during the
enzymic reaction were measured
by coupling the reaetion to
the NADPH-regenerating system
of glucose-6-phosphate dehydro-
genase. As illustrated in
Fig. 3, the spectrum of 6-hy-
droxyrnethylpterÅ}n(Xmax 273 and
346 nm at pH 7.0) changed to
one having a Xmax at 300 nm.
The Å}sosbestic points of the
spectrum during this reaction
were 321 and 281 nm, and the
spectrum of the fÅ}nal product
was identical to that of 6-
hydroxymethyltetrahydropterin.
When other pteridine compounds
    changes were observed.
 of dihydrofolate to tetra---
  the data reported by Osborn
  engymie Teaetion [Vhe amount
     reduction of L-th?eo-neopterin
decrease in absorbance at 340 nm,
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  FiG, 4, NADPH-Consumption during the Enzymic
  Reduction of L-threo-Neopterin,
  The reaction mixture contained 3,6ptM L-threo-neopterin.
  30mM 2-mercaptoethanol and pteridine reductase : dihy-
  drofolate reductase (190ug protein) in 50mM sodium cit-
  rate bufl;er at pH 6.0. The reaction was initiated by ad-
  ding 76ptM NADPH to a mixture without enzyme (A),
  or to that containing enzyme (B).
wbre consequences of the conversion
th?eo-neopterin to
oxidized NADPH was calculated to be
tinction eoefficient for reduction
Therefore, it was estimated that
reduction of one mol of
was used as a substrate, 1.1 mol of
of one mol of dihydrofolate.
     Effeet of suZjehydeyl ?eagents
Table IV, the DFR activity was
such as pCMB and NEM, and by
formamide and urea. The reiative
                 of
L-thr7eo-tetrahydroneopterin.
                 6.
                of
              two mol
     L-thx]eo-neopterin
               NADPH
min, and then the absorbance
continued to decrease a slower,
but linear, fashion. Since
this linear decrease was also
observed in a mixture contain-
ing neither the enzyme nor
neopterin, the auther conclud-
ed, along with Hillcoat et aZ.,
19)
    that this decrease was due
to decompositÅ}on of the NADPH
at pH 6.0. [Ehus, the absorb-
ancy changes between line (A)
and an extrapolated line (B)
 both NADPH to NADP and L-
             [Irhe amount of
9 vM, based on the mo!ar ex-
3.6 pM of L-th"eo-neopterin.
   of NADPH were used for the
   . Ithen dihydrofolate
    were used for reduction
      and ehaotMopes As shown in
  inhibited by sulfhydryi reagents,
chaotropes, such as guanidine-HCI,
      inhibition of DFR activity pro-
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  TABLE IV. EFFECT OF SULFHYDRYL REAGENTS
     AN, D CHAOTROPES ON DIHYDROFOLATE
          REDuCTAsE ACTIvlTy
 After the enzyme was preincubated with the reagent
for 5 min at 3e['C, the dihydrofolate reductase activity
was measured under standard assay conditions as de-
scribed previously.i} The activity of the treated enzyme is




duced by each reagent was
similar to that obtained from
             l)
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                           DISCUSSION
     In this Chapter, the fraction IIb from C. faseiezaZata, having
both DFR and PtR activities, was further purified and its properties
were characterized. The purified fraction Ub resembled fraction
IIa, i.e., dÅ}hydrofolate and NADPH--dependent DFR,!) in its pH-activ--
ity curve using dihydrofolate as a substrate (Fig. 2,A), its molec-
ular weight (110,OOO) and its sensitivities to tr'imethoprim, pyri--
methamine, pCMB, NEM, guanidine-HCI, formamide and urea (Table !Ir
and IV). However, the purified fraetion IIb differed from the
fraetion IIa in the following physieai properties:
     (1) The IIb protein was not adsorbed on CM-Sephadex in the
-44-
presence of 2•-IYffl, and was stable in the presence of ammonÅ}um sulfate
and 2-IY[E.
     (2) Fraction IIb exhibited both DFR and PtR activities. That
is, it catalyzed the reduction of many pteridine compounds, such as
6-hydroxyrnethylpterin, 6-methylpterin, four neopterin isomers, pterin
and xanthopterin, to their tetrahydro forms, as well as the reduetion
of dihydrofolate and dihydropteroate in the presence of NADPH (Table
r and Fig. 3).
                                                1,3,4)
     (3) MrX is a potent Å}nhibitor of many DFRs, including
fraction IIa (see Chapter II). Both the DFR and PtR activities
of the IIb protein were inhibited competitively by MTX (Table III).
However, the concentration required for 50% inhÅ}bition of the DFR
activity was 5,500 times higher than that required to inhibit the
fraction IIa protein (7.7 vM ve?sus Z.4 nM for IIa).
     (4) Both the DFR and the PtR activities of fraction IIb were
also strongly inhÅ}bited by L-e?ythro-biopterin (Table III), and the
Ka value for the IIb DFR activity was 382 times lower than that for
fraction IIa (O.34 vM ve?sus 130 vM for IIa). L--epythor)o-Biopterin
has not yet been reported as an inhibitor of any DFR.
                                           1!,20--22)
            2-4)
                                                     dihydroptero-Some DFRs reduce folate,
                                  pteroate,
ate,10,11,20,21,23,24) dihydrobiopterin12'25) and 6'methyldihydro-
pterin.11'23'25) The enzyme from chicken liver reduces biopterin
                   12)
                       while folate reductase from chicken liverat a very low rate,
                                       22)
                                              Up to this tirne, areduces the aldehyde of 6-formylpterin.
DFR or other reductase which can effectively reduce oxidized pteri-
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dine compounds to tetrahydroforms has been unknown. However, the
data obtained in these experiments suggest that the enzyme from
fraction IIb is quÅ}te a different type from any DFR isolated thus
far. Therefore, it was named pteridine reductase:dihydrofolate
reductase. Additionally, it was concluded that the enzyme activ-
ity depends on the structure of the pteridine side chain at the 6-
position, as well as its stereo configuration, since the enzyme is
unable to use folate, L-eTyth?o-biopterin, sepiapterin, isoxantho-
pterin and leucopterin as substrates.
                             26)
     Recently, Hirayama etaZ.                           h ve isolated dihydropteridine re-
ductase from C. faseaezaZata ATCC ll745, which reduces quinonoid-6-
methyldihydropterin to 6-methyltetrahydropterin in the presence of
NADH as a eofactor. However, this enzyme differs froTn PtR:DFR
in such properties as substrate specificity and molecular weight
(55,OOO daltons).
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                         Chapter IV
     Effect of Configuration of Neopterin Isomers on the
     Activity of Pteridine Reductase:Dihydrofolate Reduc-
                                           d)
     tase from C?athidia faseaeuZata
                                1)
    As described in Chapter Irl, PtR:DFR from C. faseaeuZata re-
duces one mol each of oxidized pteridine compounds such as four
neopterin isomers (a.e., L-thor?eo, L-eor)ythor)o, D--thor7eo and D-ei?ythyo-
neopterins), 6-hydroxymethylpterin, 6-methylpterin and pterin to
their tetrahydro forms using 2 mol of NADPH. The reductase activ-
ity for neopterin isomers at pH 6.0, however, varies with their
           1)
                 The enzyme is unable to reduce L-eTyth?o-biopterinstructures.
                                       1)and sepiapterin at any pH range tested. This suggests that the
CH20H-group at C-3' of the propyl side chain of pteridine is an
essential structure for the substrate of PtR:DFR and also the con-
figuration of the trihydroxypropyl side chain of neopterin aff'e'
 cts
the activity of PtR:DFR.
     The present chapter describes the PtR:DFR activity in relation
to the structure of four stereoisomers of neopterin in order to
clarify the reduction mechanism of PtR:DFR. The data show that
the activity of PtR:DFR depended much on the configuration of OH
at C-1' of the trihydroxypropyl side chain of neopterin as a sub-
strate.
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                      ]NfATERIALS AND bffi]THODS
     Mate?iaZs. NADPH was obtained from Sigma Chemical Co. L-
thveeo-Neopterin was a kind gift from Dr. M. Viscontini, ZUrich Uni-
versity, Switzerland. The other three isomers of neopterin were
                                                                 2)
synthesized by the method described by Viscontini and Provenzale.
     Standa?d assay eonditions foor7 PtR:DFR. [rhe PtR:DFR activity
                                                    !)
was measured by the method described in Chapter III.                                                       [rhe enzyme
aetivity was defined as the decrease in absorbance at 340 nm for one
                                        1)
min under the standard assay conditions.
                      RESULTS AND DISCUSSION
     optimum pH and kinetie pavamete?s The pH-activÅ}ty profiles
for the four stereoisomers of neopterin, a.e., L-th?eo, L-e"ythyo,
D--thveeo and D-eor?ythTo-neopterin, are shown in Fig. 1. TheMichaelis
                                     constants (Km value) for NADPH
     TABLE I. Km VALuEs FoR NADPH AND
        STEREOISOMERS OF NEOPTERIN FOR
        PTERIDINEREDucTAsE:DIHyDRo- and neOPterin iSOmers at the
         FOLATE REDUCTASE ACTIVITY
  The enzyme activity was assayed at 34onm under the OPtiMUM PHS are summarized in
 standard conditions as described in the previous paper.i) ,
                                     Table l. L-thT?eo-Neopterin The enzyme (90 "g of protein) was preincubated at 300C
 for 3 min. The reaction was initiated by adding
 6o .. so pm neopterin and 80 ptM NADPH in that Order• sh owed two pH optima at pH 6.0
                , Km for Km for
 .-,,,,.N.:O,P.t,el,il. OPB,'li,IUM "e?Z,Mlei`" N'el,ulli:)"' ,a".i.ga5, ;,az,g;:g;ib,e,;.l? the
                4.5 6,7 4.7
 L-erythro-Neopterin 6.o 6,4 21 [Irhe K)n value for L-thor)eo-neo-
 D-threo-Neopterin 4.8 37 I3
 D-erythro-Neopterin 4.5 11 23 pterin at pH 4.5 was l.9 times
  * Km values in the presence of each neopterin.
                                     higher than that at pE 6.0.
The enzyme activity at pH 4.5 was inhibited by over 20 vM L-thyeo-
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   FiG. 1. Effect of pH on the Activity of Pteridine Reductase: Dihydrofolate Reductase with Four
   Stereoisomers of Neopterin,
   (O-O), L-threo-neopterin; (O---e), L-erythro-neopterin; (O---O), D-threo-neopterin; (e-e), D-erythro-
   neoptenn.
neopterin. The constant (Ks' value) for the substrate inhibition
was 95 l.aY[. However, the KM value for NADPH in the presence of L-
th?eo-neopterin at pH 4.5 was 2.3 times lower than that at pH 6.0.
A broad optiTnum pH between 7.0 and 4.5 was shown for L-eTyth?o-
neopterin (Fig. 1). This pH-activity profile was similar to that
                         1)of 6-hydroxymethylpterin,                           a though its maximum activity was half
that of 6-hydroxymethylpterin. The Km value for L-epyth?o-neo-
pterin at pH 6.0 was 1.8 tiTnes higher than that of L-thyeo-neopterin
at the same pH, and the Km value for NADPH in the presence of the
L-e?ythveo-isomer was 1.9 times higher than that of NADPH in the
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presence of the L-thveo-isomer. On the eontrary, a single pH op--
timum was shown at 4.5 and 4.8 for D-er7ythpo and D-threo-neopterins,
respectively (Fig. 1). The maximum activity for D-eyyth?o-neo-
pterin was almost two times higher than that for D-thTeo-neopterin.
The Knt value for D-evyth?o-neopterin was 3.4 times lower than that
for D-thr'eo-neopterin.
     As shown in Fig. 1, the configuration of the hydroxy group•at
C-1' of L-thor'eo-neopterin was the same as that of D-eortythpo-neopterin,
and the configuratÅ}on of L-evyth?o-isomer was the same as that of D-
thir'eo-isomer. As shown in Table I, PtR:DFR reduced more favorably
L-threo and D-er'yth?o-neopterins than L-eveythr7o and D-thr7eo-neo-
pterins. As shown in Chapter rll, PtR:DFR reduces L-e?ythor?o-7,8-
                                              l)dihydrobiopterin, but not L-erythor7o-biopterin.
                                                    This suggests
that the activity of PtR:DFR is controlled by the configuration at
C-I' during the reduetion at C-7 and N-8 of the pteridine ring.
               3)Charlton et aZ.
                 have reported that the hydrogen at the 4-p?o-R
                                         .position of NADPH is transferred to the sz-face at C-7 of folate
during folate reductÅ}on by DFR. When the hydrogen transfer from
NADPH takes place in a similar manner to the enzymic reduction of
folate during the reduction of neopterins, the hydroxy group at C-
1' of L-eyyth?o and D-thpeo-neopterins may exist on the sa-face at
C-7 of the pteridtne ring and cause steric hindrance of the reduc-
tion at C-7. Therefore, the hydroxy group of L-thor}eo and D-
eyythveo-neopterins may exist on the ?e-face at C-7, this configura--
tion facilitating the hydrogen transfer frorn NADPH to neopterins.
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This indicates that L-th?eo and D-eyyth?o-neopterins are more favor-
able substrates for PtR:DFR than D-threo and L-er7ytkveo-isomers,
which corresponds well with the data shown in Table I.
     The estimation of the absolute configuration at C-6 of 5,6,7,8-
tetrahydroneopterins may also be important for clarifying the reac-
tion mechanism. The configuration at C-6 of tetrahydrofolate pro-
                                          3)4,5)duced from 7,8-dthydrofolate                               or            by DFR is estimated to
be the S-form. The eonfiguratÅ}on at C-6 of 6-methyltetrahydro-
    . 4,6,7)
             is the S-form, and that of L-epythyo-tetrahydrobiopterinptenn
6,8'10) is the R-form. This suggests that the absolute configura-
tion at C-6 of tetrahydroneopterins produced by PtR:DFR is the R-
form.
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                          Chapter V
      Uptake and Metabolism of Methotrexate by
                                e)
      Cpathadaa faseieuZata
     Cpithadia faseaeulata has an energy-dependent active transport
                  1)system for folate.
                      In Chapter r, b{[[X and aminopterin promote
the growth rate of C. faseieuZata at the same concentrations as does
       2)
              In Chapters II and III, MrX inhibits the DFR activity,folate.
3'4) but there is no difference in the types and amounts of this
enzyme between cells grown in media containing either MTX or bio-
    . 2)
             This suggests that C. faseieuZata may metabolize IYrrX toptenn.
compounds which canbe used effectively for its own growth and have no
inhibitory effect on the DFR activity.
     Transport of MTx in L121o lyTnphoma cells5-7) and LaetohaeiZZus
    .7)
        is an active, energy-dependent, carrier-mediated process.casez
                                                           8-14)[lhe incorporated )fTX is metabolized mainly to 7-hydroxy IY[TX or
                             14-22)its poly-Y-glutamyl compounds                                  by rnammals, and to AMPte by
         22-26)
                    [Chis chapter deals with the uptake of ]YrrX andbacteria.
the isolation of a major metabolite of MTX in C. faseaezaZata. The
significance of the oceurrence of an enzyme aetivity converting MTX
to AMPte in thÅ}s protozoan is discussed.
                      MATERIALS AND ME[EHODS
     MateTiaZs. [3',5',9(n)--3H]lynrx sodium salt (6 cilmmol) and
   14[2--
     C]folic acid potassium salt (54.3 mCilmmol) were purchased from
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the Radiochemical Centre (Arnersham). MTX was purchased from
Lederle Ltd. POPOP and PPO were from Wako Pure Chemicals Indus-
tries Ltd. Avicel SF cellulose plates (20 x 20 cm) were from
Funakoshi Pharmaceuticals Co. Ltd. Membrane filters (O.45 vm in
pore diameter) were from Millipore Co. DEAE-cellulose and Sepha-
dex G-10 were from Pharmacia Fine Chemicals. All other chemicals
were obtained froTn Nakarai Chemicals Ltd., Kyoto.
     Media and evowth eondittons fo? C. faseaeulata. C. faseaeu-
Zata was grown at 250C in the chemically defined assay medium de-
                   27)
                          urX (O.1 VM) or L-e?ythor7o-biopterin (O.21scribed by Guttman.
nM) was aseptically added to the sterilized medium (10 ml) by filter--
ing through a Millipore fllter. The cell growth was rneasured tur-
bidimetrÅ}cally with a Coleman Model 6-20 Spectrophotometer and shown
by transmittance (T%) at 675 nm. The cell number was determined
microscopically using a haematorneter (depth O.1 mm).
     Uptake of MTX and foZate. The uptake studies of MTX and fo-
late were conducted using cells grown in the chemically defined
medium (10 ml) containing O.21 nM L-e?yth?o-biopterin. After a
defined interval of growth, 5.64 nM [3H]]y[X (333 nCi) or l15 nM [
14
  C]folate (61.8 nCi) was added to the culture medium and incubated
at 250C for 1 to 20 min. The cells in 2 ml of the medium were
collected with a Millipore filter and washed thoroughly with an ice-
cold solution containing O.5% (wlv) sodium chloride, O.57. (wlv)
potassium chloride and O.1 mg% (w!v) MTX or folate. The filter
was put in a counting vial containing 10 ml of scintillatiop fiuid
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consisting of O.1 g of POPOP and 5.5 g of PPO dissolved in one liter
of a mixture of toluene and Triton-X 100 (2:1, vlv). [rhe radio-
activity was measured by a Packard 2425 Tri-Carb LÅ}quid Scintilla-
tion Spectrometer.
     In order to quantify the lffX taken up by the cells, cells grown
in the chemically defined medium containing O.1 1-avr [3'tl]bflrx (516 nci)
were collected at a defined interval of growth from 2 rn1 of the rne-
dium, and the radioactivity recovered in the cells was measured as
described above.
     fsoZataon of metaboZites of MTX from the eeZls and the mediwn.
     [I]he cells were culttvated in 100 ml of the chemically defined
medium containing O.1 1.ay[ [3H]mx (13o nci) until their concentration
reached T=40 - 50%, andharvested by centrifugation at 3,OOO x g for
10 min. The resulting cells (O.2 g) were washed 3 times with the
iee-cold solution as described above (see Uptake of MTX and foZate)
and suspended in 3 ml of 10 miI Tris-HCI buffer, pH 7.0, containing
100 m]Y[ 2-ME. The cells were disrupted for 2 min on ice with a
Kaijo-Denki 20 kllz Ultrasonic Oscillator, and the suspension was
centrifuged at 12,OOO x g for 30 min. The resulting supernatant
solution was put on a DEAE-cellulose column (1.4 x 7 cm) which had
been equilibrated with the Tris-HCI buffer. Also, the culture
supernatant (10 ml) was diluted to 20 ml with 200 mh 2-ME, the pH
was adjusted to 7.0 with 1 M NaOH, and the solution was put on an-
other DEAE-cellulose column as described above. The eolumns were
eluted by a linear Tris gradient with 60 ml of 10 mh Tris-HCI buffer,
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pH 7.0, containing 100 rriM 2-ME in the mixing chamber and 60 ml of 1
M Tris-HCI buffer, pH 7.0, containing !OO mb{ 2-ME tn the reservoir.
[Vwo milliliter fractions were collected, and an aliquot (O.2 ml) of
the fraction was used for radioassay. About 95eA of the total ra-
dioactivity was recovered frorn the column. Each radioactive frac-
tion (I -- V) was pooled and lyophilized. After being dissolved in
a small amount of water, the radioactive solution was desalted by
chromatography on a Sephadex G-10 column (1.5 x 85 cm) using water.
The radioactive fractions were collected and lyophilized. All
procedures used Å}n the present experiments were carried out atO-40C.
     PTepaor7ataon of the eeZl-f?ee extyaet. [crie cells were culti-
                                                            27)
                                                                unti1vated in 2 liters of the culture medium described by Guttman
their concentration reached T=60%, harvested by centrifugation, and
           'washed thoroughly with O.9% (w/v) saline. The resulting cells (2
g) were suspended in 5 ml of O.1 M Tris-HCI buffer, pH 7.1, and dis-
rupted on ice by sonicating for 5 min. The suspension was centri-
fuged at 12,OOO x g for 30 min. The supernatant solution was used
for the following experiments.
     fsoZataon of the engymatae ?eaetaon produet of uaX. The reac-
tion mixture containing O.1 M Tris-HCI buffer, pH 7.1, 16.7 vM [3H]
urX (375 nCi) and the cell-free extract (4.4 mg of protein) in a
total volume of O.18 ml, was incubated at 300C for 1 hr. The reac-
tion was terminated by adding O.18 ml of ethanol to the mixture.
An alÅ}quot of the supernatant obtained by centrifugatton at 10,OOO x
g for 10 min was spotted on an Avicel SF cellulose plate. [rhe
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plate was developed with 3% (wlv) ammonium chloride solution at room
temperature. The plate was scraped off in 1-cm segments and each
segment was put in a counting vial containing 10 ml of a scintilla-
tion fluid consisting of O.1 g of POPOP and 4 g of PPO dissolved in
one liter of toluene.
     To isolate a non-radioactive reaction produet, usX (O.1 mlY[) was
incubated at 370C for 2 hr in a mixture (1 ml) of O.1 M Tris-HCI
buffer, pH 7.1, and the cell-free extract (29 mg of protein). The
reaction was terninated by the addition of ethanol. The insoluble
materials were removed by centrifugation. Irhe resulting superna-
tant solution was concentrated to a small volume and all the solu-
tions were spotted on an Avicel SF cellulose plate. The plate
was developed with O.1 IY[ potassium phosphate, pH 7.0, at room tem-
perature. The purple zone (Rf=O.29 - O.32) located under a Super--
Light Model LS•-Dl, Nikko Sekiei Works (wavelength, 365 nm) was
scraped off and eluted with 10 ml of water. After concentrating
theeluate in an evaporator in vaeuo, the yellow solution was de-
salted with a Sephadex G-10 colurm (1.5 x 85 cm) using water. The
yellow fractions showing an absorbance at 280 nm were collected and
lyophilized.
                           RESULTS
     CeZluZar uptake of MTX and foZate The uptake of MTX and
folate by C. faseieuZata is shown in Table I. It was found that
the cellular capacity of MX uptake (expressed per unit of eell
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       TABLE I. UpTAKE oF [3H]METHoTRExATE AND [i"C]FoLATE By Crithidiajbscieulata
                CELLS OBTAINED FROM.VARIOUS CULTIVATION TIMES
  C, fascictttata was grown at 250C in a chemically defined medium (iOml) containing O.21 nM L-erythro-
biopterin, After growth intervals of 95, 105, l15, l20, l23, 125, 130 and 135hr, [3H]methotrexate (5,67nM,
333 nCi) or ['`C]folate (1 15 nM, 61.8 nCi) was added to the culture medium, and the mixture was incubated at
250C for 1 min. At the end of this incubation, the cells in a 2ml-aliquot of the medium .were collected with a



















































number) did not depend on the MX coneentration nor on cultivation
time. The cells completed the MTX uptake within 1 min after the
start of incubation with blCX, and no further uptake occurred through-
out the following incubation period of 20 nin. The amount of MeX
taken up in 1 min was at a low ievel such as 19 to 37 fmolll08 cells.
On the contrary, the cells obtained at each growth stage exhibited
a linear fashion of folate uptake lasting at least for 20 min.
The amounts of folate taken up by the cells varied from 31 to 247
fmolll08 cells during growth. [[he uptake rate of folate depended
on the folate concentration in the medium. The apparent Km value
(uptake constant) for folate was calculated to be 44 nM frorn the
reciprocal plots of uptake rate veysus folate concentration. The
folate uptake was inhibited 28, 88 and 927. by O.066, 6.6 and 120 v]Y!
of }T]]X, respectively, and also 92% by 120 1.eYE of aminopterin.
     Amounts of MTX taken up by the eeZZs du?ang g?owth IChen the
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crdthidia cells were cultivated in
dioactivity derÅ}ved from MTX which
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FIG. 1, AmountofMethotrexateTakenUpbyCrithidia
fasciculata Cells during Growth.
C fasciculata was grown in a chemically defined medium
(10ml) containing O,1 "M [3H]methotrexate (516 nCi).
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FiG. 2. DEAE-Cellulose Chromatography of
[3H]Methotrexate-metabolites Found in the Cells of C
fasciculata (A) and the Culture Supernatant (B)[
C. fosciculata was grown in a chemically defined medium
(100ml) containing O,luM [3H]methotrexate (130 nCi).
After 4 days of growth, the cells were separated from the
medium as described in the text, The columns (1,4 Å~ 7crn)
were eluted by a linear gradient of O.Ol ••- 1 M Tris-HCI
buffer, pH 7.0. The gradients were started at the positions
indicated by the arrows in the chromatograms. The sym-
bols a and b in the chromatograms represent the eluting
positions of authentic AMPte and methotrexate,
respectively.
a medium containing }-(TX, the ra-
was taken up by the cells increas-
  ed during growth (Fig. 1).
  [rhe amounts (as }ITX) taken up
  by the cells at mid-logphase
  (T=50%) was calculated to be
  330 fmolllo8 cells from the
  radioaetivity.
     Metaholates of MTX
     [lhe elution profiles from a
  DEAE-cellulose column of the
  MTX metabolites found in the
  cell extract and the culture
  supernatant are shown in Figs.
  2A and 2B, respectively.
  Five [3H] radioactive fractions
  [I, II, Irr, IV and V(Fig. 2A)]
  and three fractions[I, IV and
  V(Fig. 2B)] were obtained from
  the cellextract and the culture
  supernatant, respectively.
  The eluting positions of the
  fraetions IV and V correspond-
  ed to those of authentic nvte
  and MTX, respectively. The
-- 61 -
      TABLE II, CocHRoMAToGRApHy oF FRAcTIoN IV CoMpouND wlTH AuTHENTIc AMPte
  The fraction IV compounds (400 cpm and 51O cpm, respectively, see Figs. 2A and 2B) obtained by DEAE-
cellulose chromatography of the cell extract and of the culture supernatant were cochromatographed with
authentic AMPte on an Avicel SF cellulose plate. The zone corresponding to AMPte was scraped off and
radioactivity was measured.
Fraction IV compound from
Solvent system"



























 " a, O.1M potassium phosphate buffer, pH 7.0; b, n-propanol-ethyl acetate-water, 7:1:2 (vlylv); c, n-propanol-
   1 O/. ammonium hydroxide, 2 : 1 (v!v).
 b Recovery against radioactivity applied for the cellulose plate chromatography.
radioactive fraction IV was cochromatographed with authentic AMPte,
and the major radioactivity was observed at the mote zone as shown
in Table II. [Ehe radioactive fractÅ}on V also cochromatographed
wÅ}th MTX, and the radioactivity was observed at the MTX zone (data
not shown). From these results, fraction IV and V were identified
as A]Y[Pte and MTX, respectively. The radioactivities recovered as
AMPte and MTX in the cell extract were found to be approximately 30
and 39% of the total activity, respectively. The fractÅ}on I
which passed through the DEAE-cellulose column, and the ninor frae-
tions (II and Irl) were not identified.
     Engymatie eonveor7sion of MTX to AMI'te hy the eeZZ-for)ee extwaet
     when [3H]M]]x was incubated with the cell-free extract, a new
radioactive compound (Rf value of O.27) was observed on thin-layer
chromatography (Fig. 3). The infrared and UV spectra of this
compound are.shown in Figs. 4 and 5, respectively. The spectra
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FiG. 3. Thin-layerChromatogramsof[3H}Methotrexate
before and after Incubated with the Cell-free Extract of C.
fasciculata.
[3H]Methotrexate (16.7"M, 375 nCi) was incubated with
the cell-free extract of C. fascieulata at 300C for 1hr.
Twenty pl of the supernatant of the reaction mixture was
spotted on an Avicel SF cellulose plate. See the text in
details,
----
, radioactivity profile on the chromatogram before
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FiG. 4. Infrared Absorption Spectrum ofthe New Com-
pound (see Fig, 3) Derived from Methotrexate.




in good agreement with
 of 4-amino-4-deoxy-!O-
methylpteroic acid (nete) as
                                 23)
reported by Levy and Goldman
activity of Mrx to AMPte was not ob-
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FIG. 5. UltravioletAbsorptionSpectraoftheNewCom-
pound (see Fig. 3) Derived from Methotrexate in O.1M
NaOH (-----), O.1M HCI (-----) and O.1M Potassium
Phosphate Buffer, pH 7;O ( ).
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                           DISCUSSION
     Mie present study showed that the uptake of folate by C?ithadia
faseieulata depended on the degree of aging of the cells used (Table
I) and on folate concentrations in the medium. However, the mode
of the uptake of )rrX differed from that of folate. Rembold and
vaubell) show that c. faseieuZata has two different carrier sites
for transporting biopterin and folate, based on their different re-
sponses to the addition of aminopterin. In the present study,
MTX and aminopterin significantly inhibited the folate uptake, as
                               1)
                                     These results suggest that theobserved by Rembold and Vaubel.
uptake of MTX and aminopterin may share the carrier site for folate.
     As shown in Fig. 2A, r{TX taken up by C. faseaauZata was metabo-
lized to at least four compounds including AMPte. [[he intracellu-
lar amounts of the metabolized and unmetabolized }flrX were calculated
to be 200 and 130 fmol!108 cells, respectively, based on the results
of Figs. 1 and 2A. C. faseieulata has two types of DFR, a.e.,
DFR3) and ptR:DFR4)(see chapters II and Irr). The concentration
                                                         8of the major DFR has been estimated to be 2.4 pmol per 10 cells at
             2,3)
                     Thus, the respective levels of the metabolitesthe same age.
and }fTX were 12- and !8-fold lower than that of the DFR. This
estimation, about 5% of the DFR aetivity may be inhibited by the
incorporated M!EX, assumed that the dissociation of the enzyme-inhib-
itor complex is negligible. This is compatible with the results
                       2)described in Chapter I. The major metabolite, AMPte, has been
shown as a weaker inhibitor for the DFR from L. easei,14) mouse
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                                              29)28)
                       and P1534 leukemia cells
                          than beTX.L1210 leukemi cells
[rherefore, this evidence is i-nterpreted to indicate that DFR of C.
faseieuZata may be little affected in vivo by concentrations of the
MTX and mete.
     The hydrolyzing reaction of MTX to nete has been reported in
                                   23,24)soil bacteria such as P$ezadomonas sp.
                                         and Flavohaetei,azvn sp.
25,26)
        The cell-free extract of C. fasoievelczta converted )CEX to
A)ffte (Fig. 3) and folate to pteroic acid (data not shown). These
results indicate that this protozoan may have an enzyme or enzymes
catalyzing these hydrolytic conversions, as shown in soil bacteria.
23'26) Kidder et az.30) has demonstrated that folate is metabo-
lized in vavo to 6-hydroxymethylpterin and biopterin, which have a
greater stÅ}mulatory effect on growth of C. faseaeulata. But,
much is not yet known about these metabolic pathway. A study is
now in progress to elucidate which metabolites from MTX, Å}ncluding
AMPte, have a growth-promoting activity in this protozoan. As
the activity converting MTX to AMPte was only cell-bound, this con-
version may play a role in the detoxication of MTX in this protozoan.
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                   Chapter VI
Radioassay of the Folate-hydrolyzing




     As shown in Scheme I, an enzyme which catalyzes the hydrolysis
of )1rX to AMPte and L-glutamic acid or of folic acid to pteroic acid
and L-glutamic acid has been first isolated from a soil bacteria,
                                                                   2)l)
                  and has been named as carboxypeptidase (CPase) G.pseudomon s sp.
                      COOH COOH
 ,,,Nl,!ill,N)cvapC";-3us2pHNi'/,H22,, "soh,ll{fkl)iit""2,";cH,--CN"03 2oH+-Ni""H,;,,
        Methotrexate(MTX) 4-Amino-4-deoxyelO•mett'vyt L-Glutamic acid
                                  pteroic acid(AMPte) .
                      9OoH
 H2HNIN,I,iNl)u(ÅrcHiHN02,-HN--111//Hl22oH 2NH;Nll,iNiSI(:;fct-trHNtvO-oH
        Fotic acid Pteroic acid
                           Scheme I
Various names of the enzyme which catalyzes the similar reaction have
                                                            3)been proposed as follows: CPase Gl from Pseudomonas stntger}i and
foiate amidase4) or cpase5) from Fzavobaete?ium sp. [lhe activities
of these enzymes have been conveniently measured by a photometric
methodl-5) based on a change in absorbance of folic acid and MTx at
310 nm and 320 nm, respectively. In Chapter V, the auther has
found that AMPte is accumulated in the cells of C. faseieuZata grown
-69-
in the medium supplemented with MTX, and also has found that the
cell-free extract of this protozoa has the hydrolyzing activity of
                                                       6)}asX and folate to AMPte and pteroic acid, respectÅ}vely.
                                                        Howev r,
these activities could not be detected by the photometric method.
So, the auther developed a more sensitive radioassay method for ana-
iyzing the enzyme activity using [2-i4c]folic acÅ}d as a substrate,
and analyzed the activity in microorganisms and mammalian tissues.
In this chapter, the author named the hydrolyzing enzyme as the fo-
late-hydrolyzing enzyme (]iH--enzyme).
                      IY[ATERIALS AND METHODS
     MaterdaZs. The following chemicals were obtained from the
specified manufacturers: [2--14c]folic acid potassium salt (ss.2 mcil
mnol) from The Radiochemical Centre (Amersham); PPO and POPOP from
Packard Instrument Co.; pteroic acid from Lederle Ltd.; Avicel SF
ceZlulose and its plates (20 x 20 cm) from Funakoshi Pharmaceutical
Co.; Sephadex G-10 from Pharmacia Fine Chemicals; yeast extract from
Oriental Yeast Co.; polypepton from Daigo-Eiyo Co.; beef extract from
]Y[ikuni Kagakusangyo Ltd.; thioglycollate medium from Nissui Pharma-
ceutical Co. Other chemicals were purchased from Nakarai Chemicals
Ltd., Kyoto.
     FZammzzZtna veZutipes (enokitake) and Lentinus edodes (shiitake)
were obtained from a local market.
     Methods.
     Standa?d assay eondataons foop foZate-hyclr]oZyging engyme .
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     [Ehe FH-enzyme activity was measured under the following condi-
tions. The reaction mixture consists of O.1 M Tris-HCI buffer, pH
7.i, 1 uiM [2-14c]folate (7s nci) and the enzyme solution in a final
volume of O.1 ml. The mixture was put into a small brown test tube
(O.7 x 4.5 cm) with a plug and incubated at 370C for 1 hr. [[he
reaction was terminated by adding O.1 ml of ethanol. The mixture
                                                     '
was centrifuged at 10,OOO x g for 10 min. 1]he resulting superna-
tant (20 vl) was spotted on an Avicel SF cbllu!ose plate (20 x 20
cm). The plate was developed with O.1 M potassium phosphate buffer,
pH 7.0, for !OO ndn at room temperature. After the plate was dried
well in a drying oven at 800C, a 1-cm region from the origÅ}n, on
which [2-14c]pteroic acid localized, was seraped off and put into a
counting vial containing 10 ml of a scintillation fluid consisting
of O.1 g of POPOP and 4 g of PPO dissolved in one liter of toluene.
The radtoaetivity was measured with a Packard 2425 Tri-Carb Liquid
Scintillation Spectrometer. [rhe IM-enzyme activity was shown as
the amount of pteroic acid forrned per hr under the standard assay
                                                             'conditions.
     Another reaction product from folate, i.e., glutamic acid, was
                                                       7)determined by a colorirnetric method described by Moore.
                                                        The
reaction mixture was diluted to O.5 ml with water and mixed with O.5
ml of 2% ninhydrin solution, pH 5.2, containing O.06257. hydrindantin
dissolved in dimethylsulfoxide and 4M lithium acetate (3:1, v!v).
The mixture was heated at 1000C for 20 min. The resulting blue-
colored solution was diluted with 2.5 ml of 50% ethanol and the ab-
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sorbance at 570 nm was measured with a Hitachi 124 Spectrophotometer.
The activity of the enzyme which catalyzed the hydrolysis of MX was
also measured by the colorimetric determination of the glutamic acid
released.
     Pvepa?ation of the paptaaZZy puyified Fff-engyme fTom C. fasci-
     euZata. The cel!s (10g) of 0. fiaseaeuZata were suspended in
50 ml of O.1 M Tris-HCI buffer, pH 7.1, and disrupted for 5 min on
ice with a Kaijo-Denki 20 kHz Ultrasonic Oscillator. The crude ex-
traet was centrifuged at 12,OOO x g for 30 min, and the resulting
supernatant was heated at 600C for 5 min. After the inso!uble ma-
terials were removed by centrifugation at 12,OOO x g for 10 min, the
resulting supernatant was made to 557. saturation with solid ammonium
sulfate. The precipitate was collected by centrifugation at 10,OOO
x g for 10 min and dÅ}alyzed overnight against a liter of O.1 M Tris-
HCI buffer, pH 7.1. The specific activity of the final solution
was 8-fold higher than that of the crude extract.
     fsoZation of the ?eaetion zp?oduets. The crude extract of C.
fasoyieuZata (29 mg of protein) was incubated with 1 mh folate in O.1
M Tris-HCI buffer, pH 7.1, at 370C for 2 hr. The reaction was
terminated by adding ethanol. After the mixture was centrifuged
at 10,OOO x g for 10 min, the reaetion products, a.e., pteroic acid
and glutamic acid, were isolated from the resulting supernatant as
follows: Pteroic acid was isolated by a thin-layer chromatography
on an Avicel SF cellulose plate and purified by desa!ting with a
                                               6)Sephadex G-10 .colurm as described in Chapter V.
                                                   The fractÅ}ons
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showing an absorbance at 280 nm were collected and lyophilized.
For isolating glutamic acid, a half of the resulting supernatant de-
scribed above was concentrated with an evaporator an vaeuo and was
applied to an Avicel SF cellulose column (1.1 x 39 cm) which was pre-
viously equilibrated with O.1 M potassium phosphate buffer, pH 7.0.
[vwo milliliter fractions were collected. Fractions from M4 to #
l7 were pooled and concentrated under vacuum. The residue was
suspended in a small amount of O.2 M sodium citrate-HCI buffer, pH
2•2• After filtrating the solution through a Millipore filter (
O.45 ym in pore diameter), glutamic acid was analyzed with a Hitachi
KLA-5 automatic amino acid analyzer.
     Gcaonth eonditaons fo? nieyoowganisms. LaetohaeaZZus easeiATCC
7469, L. a?ahinosus ATCC 8014,, L. fevnienta ATCC 9338. St?eptoeoeezas
faeeaZis R ATCC 8043, l'edaoeoeeus oeor7evasaae ATCC 8081 and Pseuclo-
monas ?abofZavana IFO 3140 were grown at 370C in the medium described
by Iwai et aZ.8) BaealZus ceor)eus IFo 3131, Seor)?ataa andaea IFO 3759,
Se?Matia maveeseens IFO 3048 and Esehe?iehaa eoZa B were grown at 300
                                                              9)C by vigorously shaking in the medium described by Iwai et aZ.
Saeeha7?onzyees eeyevasiae FKU 1451, Candadn utaZis IFO 0396 and Hanse-
nuZa jaclinza IFO 0987 were grown at 300C in the medium, pH 6.5, con-
taintng 17. yeast extract, 2% polypepton and 2% glucose. Aspe?gil-
Zus nageT M-62, PenieiZZum eh?ysogenzan IFO 4879 and Neu?ospoya
e?assa IFO 6979 were grown at 3eOC in the medium, pH 6.0, containing
O.5% glucose, O.5% polypepton, O.5% yeast extract and O.5% sodium
chloride. C. faseaezalata was grown at 250C in the medium described
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           10)by Guttman.
     P?epa?ation of the of)ztde ext?aets. Microbial cells were col-
lected by centrifugation and washed twice with a cold O.9% saline.
The cells (1 g, wet weight) were suspended in 5 ml of O.1 M Tris-HCI
buffer, pH 7.1, and disrupted by sonicating for 5 min. Fungi were
disrupted by homogenizing in a glass Potter-Elvehjem homogenizer.
Yeast cells (1 g) were disrupted by grinding with 1 g of aluminum
oxide in a pestle and mortar. [Irhe crude extract was centrifuged
at 12,OOO x g for 30 min. The resulting supernatant was used as
the enzyme source.
     A male Wister rat (350 g) and a male albino rabbit (2.5 kg) were
killed by decapitation. Each 1 g of tissues was homogenized with
10 rn1 of O.1 M Tris-HCI buffer, pH 7.1, in a glass Potter-Elvehjem
homogenizer. After the homogenate was eentrifuged at 12,OOO x g
for 30 min, the resulting supernatant was used for assaying the FE[--
enzyme acttvity.
     Dete?niination of p?otein. Protein was determined by the meth-
                  11)od of Lowry et aZ.
                      RESULTS AND DISCUSSION
     Reaetaon p?oduets of Fll--engyme UV spectra of the reaction
product were in good agreement with those of an authentic pteroic
acid as shown in Fig. 1. The ninhydrin-positive product was iden-
tified as glutamic acid by a thin-layer chromatography as shown in
Table I. The product was also confirmed as glutamic acid by its
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         Ultraviolet Absorption Spectra of the Reaction
        from Folic acid in O.1 M NaOH, O.1)E HCI and O.1 M
 potasstum Phosphate Buffer, pH 7.0.
     Table I. Rf Values on Thin-Layer Chromatography of
     the Amtno Acid Product.
  Folic acid (1 mM) was incubated at 37"C for 2 hr with the
crude extract of C. fctseieuZata (29 mg of protein) in O.1 M
Tris-HC! buffer, pH 7.1. The amiuo acid preduct was isolated
by chromategraphy on an Avicel cellulose coluun. The product
and authentic L-glutanic acid were spotted on an Avieel SF
cellulose plate and developed by various solvent system.

























Å} a, ethap.ol-28Z ammonium hydroxide-vater, 18:1:1 (by volumeÅr;
 b, methanol-pyridine-water, 20:1:5 ; e, n-butanol-pyridine-
 water, 1:1:1 ; d, n-butano!-acetit.' acid--water, 12:3:S ; e,
 phenol solution (160 g iR 40 utl of water) ; f, phenol solu-
 tion-28Z aumtonium hydrexide, 200:1 ; g, phenol solution-eth-
 anol-287e aimnonium hydroxide-water, 150:40:1:10 ;' h, O.1 M
 potasstum phosphate buffer, pH 7.0.
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e!ution time on amino
acid anaiyzer (data
not shown).
  Stoiehaomet?y of the
FH-engyme ?eaetion
   The stoichiometry
                        .for YH-enzyme reaction
was shown in Table II.
                      14
                        c]The amount of [2-
pteroic acid determined
by the radioassay was
similar to that of glu-
tamÅ}c acid determined
by the amino acid ana-
lyzer, although slight-
ly higher amount of
 glutamic acid was esti-
 mated by the colori-
 metrie assay. These
 results indicate that
 FH-enzyme hydrolyzes
 one mol of folate to
 each one mol of pter-
 oic acid and glutamic
 acid. The amount
    Table IZ, StoÅ}ehtometry for the Reaction of Folate-hydrolyzÅ}ng Enzyme,
   The reaction mixture (O,3 mlL) eontaining O.1 M Trts--llCl buffer, pH 7.1, 1 mM [2-i4C]folate
and the crude extract of C, fascicuZata was incubated at 370C for 1 hr. The amounts of protein
used in experiment r and IZ were 450 and 900 pg, respectively. An aliquot (O.1 ml) of the reae-.
tion mlxture was used for the radioaesay of folic aetd and pterote aeÅ}d, and another alÅ}quot for

















  * The amount per O.1 ml of the reactÅ}on mtxture.
 ** Parenthesis indieates the value determtned by an amÅ}no aeid analyzer.
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Fig. 2. Formation of pteroie Acid as a Funetion of Incuba- oic acid couldbe detected
tion Time.
The reaction mixture (o.1 rn!) eontaining 1 mM I2-14c]folate by thÅ}s radioassay.
(75 nCt), O.1 M Tris-HCI buffer, pH 7.1, and the partia!ly
                                                          Mie sensitivity of thispurified enzyme (3e ug of protein) from C. faseieuZata was
incubated at 370C for 4 hr. After a defined interval of
                                                          method was several
              14incubation, [2--
                C]pteroic acid formed was separated and
measured by the method described in MethocZs.
        . times higher than that
                                                  1-5)
of the conventionaZ photometric method                                                       for assaying the EH-
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       Fonnation of Pteroic Acid as a Funetion of ?rotein
Concentrat-on.
Compoaents of the reaction mixture were the same as those
     except the amount oE the enzyne. The mixture was
incubated at 370C for 1 hr. The pteroie acid formed was
     and measured by the method described in Method$.
     catalyze both hydrolyzing reactions
                      1-5)
                            ru. epassa hasbacterial enzyrnes.
 peptidases such as carboxypeptidase and
 there is no report whether these peptidases
 of folate. L. easei had the highest
haetex}iaeeae tested. But, the enzyme
 ayahanosus ATCC 8014 or P.eeor7evisaae ATCC
 lizes bcrx to AMpte an vivo}5) but p. ee?evzszae
 evidence indicates that Il{-enzyme of L.
 metabolism of MTX as well as that of C.
      The I]l-enzyme activities were slight
 eoeeum IFO 12393. Mushrooms had the
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      The Fll-engyme aetZvity
      in mievoo"gcmaisms and
      mztshrooms As shown
     in Table III, higher
     activities of IM-enzyme
    were found in C. faseie-
    uZata and ru. epassa.
     The partially purified
     IM-enzyme fromC. faseae-
     uZata catalyzed the hy-
     drolysis of ]Yfi]X to AMPte
 in
     This indicates that IM-
sepe
     enzyme in C. faseieuZata
 of folate and MTX as shown
    several intracellular
                12-14)
 aminopeptidase.
                        But,
     catalyze the hydrolysis
FTI-enzyme activity in Laeto-
 activity was slight in L.
   8081. L. easei metabo-
   ' ' does not.i6) The
 easei may take part in the
 faseaeuzata. 6)
   in E. eoZi B and A. eh?oo-
MI-enzyme activity. The
e
Table Zrl. Dtstribution of Folate-Hydrolyzing Enzyme Aetivity
      in )ttcroorganisms and Mushrooms
Strain




  eells or tissue)
Cin thidia faseieuZata ATCC 12857
As.; ergiZZus niger M-62
PenieiZZizun ch?ysogenzun IFO 4879
Neztr7osporct cvassa rFO 6979
Se.uatia indica !FO 3759
Se?ratia ma?ceseens rFO 3048
Pseudbmonas riboflandua IFO 3140
LactobacilZus casei ATCC 7469
LctctobaciZlu$ fermenti ATCC 9338
Str'eptoeoceus faecaZis R ATCC 8043





















   6
   9
  25
   9




Å} The enzyme aetivity was defined as the ameunt of pteroic acid formed under the
  star!dard assay conditions.
      Table IV. Distribution of Folate-Hydrolyzing Enzyme Activity
                           in tmlian Tissues
Tissue    Specific activityk Total activttyt





























* [Ehe enzyne activity was defined as the amount of pteroic acid fomned under the
  standard assay conditions.
                                                                                        --FH-enzyme activity were not deteeted in yeasts such as S. eeyevzszae
FKU 1451, C. utiZa$ IFO 0396 and H. g'adinii IFO 0987. A proteo-
                                                                                17)lytic enzyme from S. ee?evisaae, i.e., carboxypepttdase Y,                                                                                 could
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not hydrolyze folate and MTX at any pH range between 4 and 9. The
EH--enzyme activity was not detected in EugZena gpacilis.
     The PH-engyme an ma7nmaZian tissues As shown in Table IV, the
highest FH-enzyme activity was found in the crude homogenate of rat
liver. [lhe homogenate also had the hydrolyzing activity of }firX to
AMPte (data not shown). mete, excreted in rat urine and feces as
a metabo!ite of IYI[{rX, is supposed to be formed by bacterial enzymes
in rat intestine.18'19) However, the present result suggests the
possibility that rat liver may produce nete from MTX. The Fll-
enzyme activity was also found in hog liver, but it was slight in
rabbit liver.
     By using the sensitive radioassay, the auther has found that
the EH-enzyme activity is widely distributed in biological cells
and tissues.
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                         Chapter VII
      PurÅ}fication and Some Properties of Folate-
      hydrolyzing Enzyme from C?ithadia faseaauZata
     As described in Chapter VI, the author has developed a sensitive
method for analyzing the folate-hydrolyzing enzyme (FH-enzyme) which
catalyzed the hydrolysis of folic acid to pteroic acid and glutamic
acid.1) [rhe author has also found the enzyme activity in the cell-
free extracts of C. faseieuZata ATCC 12857 and other biological cells
and tissues.1'2) The similar enzyne activity has been found induc-
tively in soil bacteria such as AZeaZigenes faeeaZa$,3) pseudomonas
sp.4'5) and Fzavohaeteornyzum sp.6'7) which can grow on folate compounds
as a sole source of carbon and nitrogen. But, CZthidia had con-
stitutively the IM-enzyme activity. !n the present chapter, the
auther purified the FH-enzyme from C. faseaeuZata and compared the
properties of the enzyme with those of the inductive bacterial
enzymes.
                      )tATERIALS AND METHODS
     Mater;aaZs. The following chemicals were obtained from the
specified manufacturers: [2-i4c]Folic acid potassium saits (ss.2 m
Cilmmol) from the Radiochemical Centre (Amersham); bovine pancreas
ct-chymotrypsinogen A, pepsin, ovalbumin, bovine serum albumin,
aminopterin and DFP from Sigma Chemical Co.; methotrexate from
Lederle Ltd.; bovine serum y-globulins from Mann Research Lab.;
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human serum y-globulin from Nutritional Biochenical Co.; 5-methyl,
5-formyl, and 10-formyltetrahydrofolates from Eisai Chemicals Co.;
8-hydroxyquinoline, B-mercaptopropionic acid and or,ct'-dipyrÅ}dyl from
Wako Pure Chenical Industries Ltd.; Sephadex G-200 frorn Pharmacia
Fine Chenicals; Avicel SF cellulose plates (20 x 20 cm) from Funa--
koshi Pharmaceutical Co. Bathophenanthroline disulfonic acid di-
sodium salt, bathoeuproine disulfonic acid disodium salt, o--phenan-
throline, ct,cx',ct"-tripyridyl, pABG and other chemicals were obtained
from Nakarai Chemical Ltd., Kyoto.
     G?owth eonditions foy C. faseiauZata. C. faseaeuZata ATCC
12857 was statically cultivated at 250C in 200 ml-Erlenmeyer flask
                                                            8)
containing 50 ml of the culture medium described by Guttman.
The cell growth was measured by an increase of turbidity at 675 nm
using a Coleman Model 6-20 Spectrophotometer. !lhe ceils were
harvested at a defined interval of growth by eentrifugation at 3,OOO
x g for 10 min and.washed twice with a cold O.9% (wlv) saline solu-
tion. The cells were suspended in 2 to 5 ml of O.1 M Tris--HCI
                                                'buffer, pH 7.l, and disrupted for 2 min on ice with a Kaijo-Denki
20 kHz Ultrasonic Oscillator. The suspension was centrifuged at
12,OOO x g for 30 min. The resulting supernatant solution was
used for assaying the IM--enzyme activity.
     For a large-scale preparation of cells, C. faseieuZata was
cultivated in the culture medium (120 liters) at 250C for 60 hr by
stirring at 300 rpm and by aerating at a flow rate of one literlmin.
The cells were harvested by continuous centrifugation at 10,OOO x
-82-
g with a High Speed Centrifuge C]Y[-60RN, Tomy Seiki Co. Ltd., and
washed with the shline solution. The cells were stored at -200C
until use.
     Standn?d assay eondations fo" the FH-engyme aetivity. The FH-
                                                                   1)
enzyme activity was measured by radioassay described in Chapter VI.
The reaction mixture consists of O.1 M Tris-HCI buffer, pH 7.1, 2 mM
[2-14c]folate (so vci) and the enzyme solution in a final volume of
O.1 ml. Mie mÅ}xture was incubated at 370C for 1 hr. When non-
radioactive compounds and pABG were used as the substrate, the EH-
enzyme activity was rneasured by a colorimetric method using a nin-
hydrin reagent described in chapter vl.1) The enzyme activity was
defined as amounts of pteroate formed per hr or as changes in ab-
sorbance at 570 nm per hr under the standard assay conditions.
     Pu?afieation of the l7ll-engyme.
     1) P?epa?ataon of e?ude ext?aet. All procedures were carried
out at O - 40C. [Ihe Cyathadia cells of 500 g (wet weight) were
suspended in 2.5 liters of O.1 M Tris-HCI buffer, pH 7.1, containing
O•1 iriM CoC12 and homogenized with glass beads (O.25 - O.5 mm in di-
ameter) using a Dyno-Mill KDL, Shinmura Enterprise Co. The homo-
genate was centrifuged at 12,OOO x g for 20 min.
     2) Heat t?eatment. The resulting supernatant solution (2.3
liters) was heated at 600C for 5 min and eentrifuged at 12,OOO x g
 for 20 min. The resulting supernatant solution (2.25 liters) was
diluted twice with water. The recovery of the enzyme activity
was almost 1007..
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     3) DEAE-eeZZzaZose ooZmm eh?omatog"aphy. The diluted solution
was put on a DEAE-cel!ulose columm (5.7 x 32 cm) which had been pre--
viously equilibrated with O.05 M Tris-HCI buffer, pH 7.1, containing
O.1 MM CoC12 (hereafter this buffer will be referred to as the Buff-
er). The enzyme was eluted by a linear Tris gradient with 1.8
liters of the Buffer in the mixing chamber and 1.8 liters of O.6 M
Tris-HCI buffer, pH 7.1, containing O.1 tnM CoC12, in the reservoir.
Fractions of 17 ml were collected. Tubes from ISIOO to M30 were
pooled and the solution was dialyzed against 10 liters of the Buff-
er. The dialyzed solution (560 ml) was put on a DEAE-cellulose
colurm (2.5 x 26 cm) which had been equtlibrated with the Buffer.
The columm was eluted by a linear Tris gradient with 600 ml of the
Buffer in the mixing chamber and 600 ml of O.5 M Tris-HCI buffer,
pH 7.1, containing O.1 MM CoC12 in the reservoÅ}r. Fractions of
7 ml were collected. Tubes from IE70 to #90 were pooled, and the
solution was concentrated with a collodion bag (UltrahUsen UH 100)
and dialyzed against O.1 M Tris-HCI buffer, pH 7.1, containing O.1
mM CoC12. The recovery of the enzyme activity was about 14%.
     4) Sephadeec C7-200 eoZzmm eh?omatogvaphy. The dialyzed solu-
tion (ca. 2 inl) was subjected to a chromatography on Sephadex G-200
column (1.5 x 90 cm) which had been equilibrated with O.1 bd Tris-
HCI buffer, pH 7.1, containing O.1 mh CoC12. Fractions of 1.8 rn1
were collected. Tubes from VS28 to #38 were pooled and the solu-
tion was concentrated to a small volume with a collodion bag.
The recovery of the enzyme activity were 95%.
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     5? P?epaoriative poZyaepyZanide geZ eZeet?ophoyesis. A aliquot
(O.2 ml) of the concentrated solution was put on a 7.57. polyacryl-
amide gel column (2 x 5 cm) which was prepared by the method of
williams and Reisfeld.9) A preparative gel electrophoresis was
performed at a current of 8 mA at 40C for 10 hr with a Fuji-RÅ}ken
Furicoverer II. Overrunning protein fractions were continuously
washed out from the gel into the running elution buffer of 10 MM
Tris-HCI., pH 7.1, at a flow rate of O.4 mllmin. Fractions of 1.86
ml were collected. Tubes from IS27 to #30 were pooled and the solu--
tion was concentrated with a collodion bag. The recovery of the
enzyme activity was 16%.
     PoZyae?yZamide geZ eZeetyopho?esis. Analytical polyacryiamide
gel electrophoresis was carried out at pH 8.9 in a 7.5% gel for 90
                                                                  '
                                                           10)
min with a current of 2 mA per tube by the method of Davis.
Polyacrylamide gel electrophoresis in the presence of O.1% (wlv) SDS
was carried out in a 10% gel for 5 hr with a current oÅí 8 mA per
                                       11)
                                              Protein was stainedtube by the method of Weber and Osborn.
with Coomassie brilliant blue G-250.
     Estimation of the moZeeuZa? bleight. The molecular weight of
the enzyme was estimated by a gel filtration on a Sephadex G-200
colurm (1.5 x 90 cm) whieh had been equilibrated with O.1 M Tris-HCI
buffer, pH 7.1, containing O.1 mi![ CoC12. Tryptophanase from
                                                              'PT?oteus ?ettge?a (220,OOO daltons), bovine y-globulin (160,OOO dal-
tons), human y-globulin (153,OOO daltons), bovine serum albumin (
63,OOO daltons) and ovalbumin (43,OOO daltons) were used as molecu-







            -- i     Petevmznatzon of pifotezn. Protein was determined by the meth-
                   12)
od of Lowry et aZ.
                   using bovine serum albumin as a standard and
by an absorbance at 280 nm using a Hitachi 124 Spectrophotometer.
                           RIESULTS
     Tame eonvse of the FH-engyme j?o?mation The formation of the
l!H-enzyme activity during growth is shown in Fig. 1. [I]he maximum
formation was observed at 80 hr after cultivation. After that
time, total enzyme activity was extremely decreased. The cells
                                       cultivated until their con--
                o
  1000 a centration reached T=60-50
         '
                                       % were used for purifying
Ho6 A Fig. 1. Tlme Course of the Folate-S 600 40 : hydrolyzing Enzyme Formation and Growth
            O {2 of e. fase.ieuZata.
e e O C. foscicuZata was statically cultivated
B; 4oo O 6o EEI at 25eC in 200 ml-Erlenmeyer flask con-
tl e.R taining 50 ml of the culture medium.
:G o Sr The enzyrne acttvity in the cells obtain-
                                       ed at a defined interval of growth wasÅq 200g 80 gr assayed under standard assay conditions
E- 2 descrtbed in Methods. The activity was
                                    C-t) shown as amounts of pteroate forrned per
    O 1oo eells at 37eC forlhr (o--o). The
     O 40          eo              120
            160
                                       growth was shown as transmittance (T7.)
                TI}CE (hr)
                                       at 675 nm ("). ,
     Puyifieataon of FU-engyme The elution profile of the IM-
enzyme activity on polyacrylamide gel electrophoresis is shown in
Fig. 2. Table I summarizes the purification procedure for the IiH-
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              FRACT!ON NUIMiBER (1.86 ml/TUBE)
   . Preparative Polyacrylamide Gel Electrophoresis of the Folate-hydrolyzing
       EnzyTne.
    fraction (O.2 Tnl) obtained froin the chromatography on Sephadex G-200 coluTTm
 put on a 7.S% polyacrylaTftide gel columm. The protetn was eluted as described
Methods. (U), absorbance at 280 nm; (o----o), total activity per tube.
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k The enzyme actÅ}vity was estimated
enzyme. The enzyme was
with a yield of 2.2%.
tically homogeneous (Fig.
of pteroate formed per mg
as amounts of pteroate formed under standard assay eonditions.
 purified 49-fold from the crude extraet
The final preparation was electrophore-
 3). The specific aetivity was 1985 nmol
 of protein per hr at 370C.
-- 87 -
                                       MoZeeuZap weight and smbunit
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          ' "''l•"'fl'lii.ii (-) Str'uetz,tpe The moll.ecular
             .xS' '.,."' c' '
                  '
             ii l'i'''?:'lti•"'. weight of the enzyme was estimated
             "t - ttv             Lttttz'ig1•fE,- "['tl'"
        ' :',')',a/ri,••tl{'l't.,,.3t,/i' '-..' to be 200,OOO daltons by gel fil•-•
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             l,, . ..
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             •edi.'Vft". ;s{l."•'1 , '• •
                    . The SDS-treated enzyme showed a             •"e..'-.•,wE".e.•." ,.'i '
         • /L,l's{t2,il)+,e,Si:4 •.
             /$.I,i:///'./.':"t/1 '..''li single band which rnolecular weight
             r t-t vt ytt
             tli.,ve"'I.//r/ti•;///•il.""ill.''i '.• was si,ooo daitons. These re-
             ,e, •. ,..•
             e.ay ..t
             .,eor..lt).:-tt; ,?v,
                   .' •'. (+) sults indicate that the enzyme             -t'.')["S."`,"."vs
             r-,'.Ts",.....tesw
                                    consists of 4 subunits with the
 Ftg. 3. Polyacrylamide Gel Electrophoresis
 of the purtfted Folate-hydrolyzing EnZYrne' same molecular size.
 Electrophoresis was perforTned ustng a 7.5Z gel
 as described in Methods• The protein waS Ef7feet of' zpH on the engyme
 stained wtth Coomassie brtlliant blue G-250.
                                       activity and stabiZity
 The pH-activity profile of the enzyme is shown in Fig. 4A. The
 optimuTn pH was 7.0. At pH 6.8, the enzyme activity showed the low-
 est in potassium phosphate buffer. The enzyme was stable below pH
  30A (A) (B) Fig. 4. Effect of pH on the Folate-



























(A): The enzyme (14 vg of protein)
was incubated with each O.1 M buffer
uncler standard assay conditions.
The buffers used were: O , sodium
ettrate; e , Tris-maleate; e ,
potassturn phosphate; O , Tris-HCI.
(B): The enzyme was preincubated with
the buffer describecl at (A) at 37ec
for 2 hr, and the residual acttvity
was measured under standard assay
conditions.
.
s, but unstable over pH 8.5 (Fig. 4B).
     Effeet of' tempepatuvee on the enzyme aetavaty and stahiZaty
     As shown in Fig. 5A, the optimum temperature for the reaction
was 500C. The enzyme !ost rapidly its activity by heat treatment
over 600C. The enzyme was stable at pH 7.0 belovif 500C as shown in
Fig. 5B. Unlike the crude enzyme, the purified enzyme lost 9 and
19% of the activity by heat treatment at 600C for 5 and 10 min, re--
spectively.
     Suhst?ate speeafleity As shorm in Table II, the purified IM-
enzyme hydrolyzed various folate compounds. }fTX and aTninopterin
were more effectively used as substrate than folate. But, the
reduced forms of folate compounds such as dihydrofolate and 10•-
                          '
                   (A) (B)
                              8
                              Åq
          O 20 40 60 80 O 20 40 60 80
            TEMPERATURE (OC) TEMPERATURIE (OC)
        Fig. 5. Effe.ct of Ternperature on the Folate-hydrolyzÅ}ng Enzyme
               Activity (A) and on Stabiltty of the Enzynie (B).
        (A); lrhe enzyrne (8 pg of protetn) was incubated at the te!uperature
        Å}ndicated, and the enzyme activity was measured under $tandard assay
        aondÅ}tions.
        (B): After the enzyme was preincubated at a defined temperature for
        10 min, the re[naining acttvtty was measured.
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  Table II. Substrate Specificity of Folate-hydrolyztng
           Enzyme from C. faqeiettl.ata.
  The enzyrne (8.2 vg of protein) was incvbated with each
substrate (2 in[tO under stanclard assay conditions. The
enzyme activity was assayed by the colorimetric method using
































ft The enzyme activity was defined as a ehange in absorbance
 at 570 nm per hr.
 and pABG were calculated to be O.13, O.46,
 tively, from double-reciprocal plots of reaction
 strate concentration.
      Reaetaon p"oduets [nie reaction products formed from folate
 were identified as pteroate and L-glutamate by the same methods as
                         1)
 described in Chapter VI. The enzyme hydrolyzed stoichiometri-
 cally folate to pteroate and L-glutamate. Thus, one mol of the
 enzyme hydrolyzed 397 mol of folate to equal mols of pteroate and
 L-glutamate under standard assay conditions. The reaction prod-
 ucts from M]rX or aminopterin were also identified as 4--amino-4--de-
 oxy-10-methylpteroate or 4-amino-4-deoxypteroate and L-glutamate,
 respectively,.from the similar results of their behaviors on thin-
formyl, 5-formyl, and 5-
methyltetrahydrofolates
were less effectively
used than folate. pABG
was used actively as fo-
late. [[he enzyme did
not have the conjugase
activity which catalyzed
the hydrolysÅ}s of the y-•
1Å}nkage of pteroyl-y,y-
diglutamylglutamate (tero-
pterin). Km values for
folate, MIX, aminopterin
O.40 and O.43 mb!, respec-
  ' rate veveszas sub-
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layer chromatography and their ultraviolet and infrared absorption
                                       4)
                                          (data not shown).spectra as reported by Levy nd Goldma
                                                                2+
     Effeet of metaZ aons and saZts As shown in Table III, Hg ,
cu2+, cd2+ , pb2+ and zn2+ inhibited strongly the enzyme activity in
this order. cr3+ and yb3+ also inhibited. But, the fonowing
salts did not affect the activity: MgC12, CaC12, SnC12, BaC12, IYinCl2,
FeC12, FeC13 and AIC13 at the concentration of O.1 tnM, and LiCl, Na
  Table III• Effeet of various Inorganic and organic salts Cl and KCI at the con-
           on the Folate-hydrolyzing Enzyme Activtty.
  The enzyTne (8 Lig of protein) was preineubated at 37eC for
10 min with each salt in O.1 M Tris-HCI buffer, pH 7.1, and
incubated with 2 inM [2-14c]folate (so vci) under standard
assay conditions.
Additton Concentration
   (TnTvt)
Relative activity







































































centration of O.1 M.
Inorganic and organic
sodium salts such as
pyrophosphate, borate,
orthophosphate and
citrate at the concen-
tration of 20 rnM also
inhibited the activity
(Table III).
   Effeet of ehemaeal
   peagents









Table IV. Effect of Chelating Reagents on the Folate-
        hyclrolyzing Enzyme Activity.
The enzyrne (8 vg of protein) was preincubated at 370C for
min with O.1 mM of each reagent in O.1 M Tris-HCI buffer,
7.1, and incubated under standard assay conditi.ons.
Chelating reagent Relative activity (el.)
None









and 1% of the enzyrne activity, respectively.
pretncubated with O.8 mh bathophenanthroline
30 min and dialyzed against 5 MM Tris-HCI
the enzyme lost 81% of its activity. However,
was recovered to 44% by the addition of O.
tion of other metalions did not recover the
     pCMB at the concentration of O.02 MM
activity. 2-Mercaptoethanol at 10 rnM also
activity. However, O.2 TnM PMSF, 1 mMi DFP
did not affect the enzyme activity.
                           DISCUSSION
     The present study was undertaken to eharacterize the FH-enzyme
which was purified homogeneously from the crude extract of C. fas-
eaeuZata ATCC 12857. The enzyme hydrolyzes various folate com-
pounds at a neutral pH (Table II and Fig. 4A) as do soil bacterial
                                             4)
         5)peptidases such as carboxypeptidase (CPase) G
                                                         of Pseudo-
                and G
                                                     1
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   disulfonate and o-phe-
   nanthroline (Table IV).
   EDTA, rubeanic acid, cx,
   ct'-dipyridyl, 8-hydroxy-
   quinoline and B-mercap-
   topropionic acid at the
   concentratÅ}on of O.1 rnM
   inhibtted 15, ll, 7, 2
      When the enzyme was
   disulfonate at 370C for
buffer, pH 7.0, for 6 hr,
       the enzyme activity
1 mbC CoC12. The addi-
  enzyme activity.
inhibited 50% of the enzyme
   inhibited 45Y. of the
   or 15.2 vM pepstatin A
                                     7)
        6)
                                        of FZavohaete?aa. Themonad, and folate amidase
                            and CPase
enzyme activity of C. faseaezalata depends on the structure of the
pteridine moiety of folate compounds. The reduced forms were hy-
drolyzed only O.2 to O.5-fold of folate, and diaminopteridine deriv-
atives such as aminopterin and M]rX were more effectively hydrolyzed
than folate. But, the 1Åqm values for folate and MTX of theC"athidia
enzyme showed 2 to 130 times higher than those of the three bacterial
cpases.4'5'7) Like the psezadon7onas cpase Gi) and the FZavobaete-
?iz"n cpase,7) the CPithidia enzyme also hydrolyzed pABG, but did not
hydrolyze the Y-glutamyl linkage of pteroyl-y,y-dig!utamylglutamate.
This indicates that the C?ithadaa enzyme may have a speeificity for
spliting the ct-glutamyl linkage of folate compounds and pABG.
     The two pseudomonas cpases require zn2+ for their activities.4'
13) [rhe cyathidaa enzyme activity was inhibited by various chelat-
ing reagents (Table IV), heavy metal ions, and organic and inorganic
anions (Table III). But, the activity of the bathophenanthroline-
treatTnent enzyme was partia!ly recovered by adding CoC12. These
evidences suggest that the Cpathidia enzyme may be a kind of metallo-
                                                               'protein and require co2+ for its activity.
     Like the two FZavohaeter'izv7? folate amidase6) and cpase,7) the
Cnithidia enzyme was inhibited by 2-]Y[E. Although folate aTnidase
is only sensitive to phosphate buffer and bacterial CPase is also
to citrate buffer, the C?ithadia enzyme activity was affected by in-
organic and organic salts including pyrophosphate, borate, phosphate
and citrate. There is no information about inhibition of bacterial
-93-
enzymes by pC]Yfi3 and peptidase inhibitors such as DFP, P)rsF and pep-
statin A. The C?ithadaa enzyme was sensitive to pCMB.
     Activities of proteinases and aminopeptidases have been found
in crude homogenates of protozoa, Tyypanosomatidae, such as Cntthidaa,
14'17) I??ypanosoma14,17-21) and Leashmania.14) However, there are
no reports whether these proteases of protozoa may hydrolyze folate
compounds.
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                           Chapter VIII
       Properties of Folate-hydrolyzing Enzyme of
       0rdthadia faseieulata as a Carboxypeptidase
     In Chapter VII, the auther described the purification and some
properties of the F!l-enzyme from C. faseiezaZata ATcc 12857.1) The
enzyme catalyzed the hydrolysis of the amide linkage of folate com-
pounds, as did cpase G2'3) and cpase G14'5) of psebldomonad, and cpase
6) and folate amidase7) of FZavobaeteTia. But sorne physical prop-
erties of the Cr'ithidia enzyme differed from those of bacterial en-
zymes.1) The author found preliminarily that the Cceithidia enzyme
hydrolyzed also Z-Gly and Z-Ala. This suggests that the Cy)ithadia
enzyme may show a lack of specificity for the or-carboxy terminal
amino acids. In the present chapter, the author describes the
substrate specificity of the FE[-enzyme using some synthetic Z-dipep-
tides and Z--amino acids.
                       MATERIALS AND MIETHODS
     Mate?ials. Z-Tyr, Z-Phe-Tyr, Z-Tyr-Glu, Z-Gly-Phe-NH2, Boc-
D-Phe, Gly-Phe, Leu-enkephalin and angiotensin II (human) were ob-
tained from Protein Researeh Foundation, Osaka. CPase A (bovine
pancreas) was from Sigma Chemical Co. Z-D-Phe and Z-D-Glu were
synthesized from carbobenzoxy chloride and D-phe, and from carbo-
benzoxy chloride and D--Glu, respectively, in a!kaline solution by the
                            8)method described by Izumiya.
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     Standa?d assay eonditions foT Fff-engyme. The ]iH-enzyme ac-
tivity was assayed by a colorimetric method using a ninhydrin rea-
                                        1)9)
                                           and defined as changesand VII,gent described in Chapters Vr
in absorbance at 570 nm per hr.
                       RESULTS AND DISCUSSION
     Effeet of Z-dapeptades, Z-anino aeids and peptides on the Fff-
     engyme Table I shows that the FH-enzyme hydrolyzes various
                                                              1)Z-L-dipeptides and Z-L-amino acids, as well as folate and ?4TX.
Z-Gly-Tyr, Z-Phe-Tyr and Z-Phe-Ala were hydrolyzed 30 times more
effectively than folate. Carboxy-terminal glutamic acids such as
Z-Gly-Glu, Z-Phe-Glu, Z-Glu-Glu and Z-Tyr-Glu were 4 to 14 times
more effectively used as the substrate than folate. All of Z-L-amino
acids tested in the present study were hydrolyzed. Z-Phe and Z--
Tyr were 3 and 4 times more effective substrates than folate, respee--
tively. [rhe enzyme (3 ug of protein) released 1.88 mmol of leu-
cine and O.05 mmol of phenylalanine after incubating with 2 mmol of
Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu) at 370C for 11 hr. However,
the following peptides were ineffective as the substrate: Z-Gly-Gly,
Z-Gly-Leu, Z-Ala-Gly, Z-Phe-Pro, Z-Gly-Phe-NH2, Bz-Gly-Arg, Gly-Asp,
Gly-Glu, Gly-Tyr, Asn-Glu, Boc--D-Phe, Z-D-Phe, Z-D-Glu, angiotensin
I! and earboxymethylated ribonuclease. The FH-enzyme activity in
the presence of each substrate was maximum at pR 7.0 as shown in the
                   1)
                         The Km values for Z-Phe-Ala, Z-Gly-Tyr, Z-presence of folate.
Phe-Glu, Z-Glu-Glu, Z-Phe and Z-Tyr were O.39, 1.43, O.65, O.11,
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    Table I. Substrate Specificity of Folate-hydrolyzing Enzyme
              from Crithidia fasetcuZata
    The FT{-enzyrne (1.1 vg of protein) was tncubated with each substrate (1
in O.]. N Tris-HCI buffer, pH 7.1, at 370C for 1 hr. IIhe ettzyme aetivÅ}ty




































































































































































       de L-Amino acids were used.
      ftft The enzyme activity was defined as a change in absorbanee at 570 nm.
O.25 and O.32 mh, respectively.
      The two Pseudomonas enzymes hydrolyze some or-earboxy terninal
glutamate peptides including Z-Glu, Glu-Glu, Gly-Glu and Tyr-Glu,
as well as folate and MTX, but fail to hydrolyze another carboxy
                                  3,4)terminal amino acid peptides. The present data showed that
Crdthidaa enzyme hydrolyzed various ct-carboxy terminal amino acid
peptides and- especially, Z-dipeptides containing aromatic amino
-98-
 aeid. [IJhis property is much different from those of the soil bac-
                2-7)
                        It is well-known that the pancreatic CPase A
 hydrolyzes considerably more slowly Z-amino acids than the corre- L
 sponding z-Gly--amino acids.10) The substrate specificity of the
`FH-enzyme is sinilar to that of the bovine CPase A. However, this
 CPase A did not hydrolyze folate and M!rX at any pH range between 4
 and 9 (data not shown). These results indicate that the FH-enzyme
                                                              the
 of C. fascaeulata is a new type of intracellular CPase, havingAfolate
 hydrolase activity.
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                          SUmnRY
Chapter I;
     }CrX and aminopterin promoted the growth-rate of C. faseieuZata
ATCC 12857 as well'as biopterin and folate. The growth curve ob-
 taind by the O.1 pm MTX-rnedium coincided with that by the O.85 nM
biopterin-medium. The DFR activity in the cells grown in the MTX-
medium was the same as that in the biopterin-medium.
Chapter Il;
     Three different DFRs (I, IIa and IIb) were separated from the
 cell-free extract of 0. faseaeulata ATCC 12857. [Ilie major DFR IIa
was purified 2744-fold by column chromatographies on DEAE-Sephadex,
CM-Sephadex, Sephadex G--150 and folate-Sepharose 4B. [Ehe final
preparation was homogeneous in electrophoretic analysis. Its
molecular weight was estimated by gel filtration to be 110,OOO dal-
 tons and consisted of two subunits with the same molecular weight of
58,OOO daltons. The optimum pH was 7.0. [rhe enzyme activity
 depended on dihydrofolate and NADPH. Other folate derivatives,
unconjugated pteridines and NADH were ineffective. Km values for
 dihydrofolate and NADPH were 1.1 and 2.7 1-[M, respectively. One
mol of the enzyme reduced 755 mol of dihydrofolate per min at 300C.
 The enzyme activity was inhibited by pCMB, NEM and urea. rt was
 also inhibited by naturally occurring folates such as 10-formyl-
 tetrahydrofolate, 5-formyltetrahydrofolate and folate, anti-folates
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such as )CrX, aminopterin, pyrimethamine and trimethoprim, and by
NADP. One mol of the enzyme was stoichiometrically inhÅ}bited by
O.8! - O.86 mol of MI]X and by O.88 mol of amÅ}nopterin.
Chapter III;
     PtR:DFR (fraction IIb) obtained from C. faseieuZata was purified
60-fold. The molecular weight was estimated to be 110,OOO daltons
by Sephadex G-150 gel filtration. [Irhe enzyme reduced the neopterin
isomers (L-th?eo-, L-eyythor7o-, D-thpeo- and D-ey7ythor}o-), 6-hydroxy-
methylpterin, 6-methylpterin and xanthopterin as well as dihydro-
 folate and dihydropteroate. The reaction with L-threo-neopterÅ}n
had a doubZe pH optimum (6.0 and 4.5), while that with 6-hydroxy-
methylpterin occurred over a pH range between 6.5 and 4.5. The
 optimum pH's using dihydrofolate and dihydropteroate as the sub-
strates were 6.8 and 7.0, respectively. Km values for L-thpeo-
neopterin, 6-hydroxymethylpterin, dihydrofolate and dihydropteroate
were 3.5, 3.4, 4.8 and O.9 uM, respectively. The reaction was
dependent on NADPH, requirÅ}ng two mol of NADPH for reduction of one
rnol of L-th?eo-neopterin. Km values for the NADPH in assays with
L-th?eo-neopterin, 6-hydroxymethylpterin, dihydrofolate and dihydro-
 pteroate were 11, 5.9, 5.9 and 2.1 pM, respectively. The reaction
 product was the tetrahydro form of each pteridine compound. [[he
 enzyme activity was inhibited by biopterin, folate, MTX, pyrimeth-
 amine, trimethoprim and NADP, as well as by pCIY[B, NE}([ and urea.
 These evidences suggest that this enzyme is a new type of DFR.
- 101 -
Thus, the name, pteridine reductase:dihydrofolate reductase (PtR:DFR),
is suggested for this enzyme.
     The activity of PtR:DFR relative to the struetures of 4 stereo-
isomers (L-thr;eo-, L-er,ythyo-, D-th?eo-, and D-e?ythor,o-) of neopterin
is described. The data show that the activity of the enzyme de-
pended heavily on the configuration of OH at C-1' of the trihydroxy-
propyl side chain of neopterin as a substrate.
Chapter V;
      The uptake and metabolism of MTX were examined in 0. faseaeu-
 late ATCC 12857. When the cells grown in a medium containing bio-
 pterin were incubated with MX, the uptake of urX by the cells was
                                                       8
 completely within 1 min, and the amounts of M[X per 10 cells were
 maintained between 19 and 37 fmol!min throughout the remaining
 growth period. In contrast, the uptake of folate was linear for
 at least 20 min, and the uptake rate of folate by the cells varied
                           8 '-
 from 3Z to 247 fmollmin!10
                               during the growth. [lhe folate
          ceils
 uptake was inhibited by ]Y[rX and aminopterin. When C. faseiezaZata
was cultivated in a medium containing ]YErX, the )[rX taken up by the
 cells was metabolized to several compounds. One of the metabo-
 lites was isolated from the cells and the culture supernatant, using
 DEAE-cellulose and Sephadex G-10 colunm chromatographies, and iden-
 tified as 4-amino-4-deoxy-10-methylpteroic acid (AMPte) on the basis
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of its behavior on thÅ}n-layer chromatography, and of its ultraviolet
and infrared absorption spectra. An enzyme activity converting
MX to AMPte was found in the cell-free extract of C. faseieuZa#a.
Chapter VI;
     A sensitive radioassay method has been developed to quantitate
the activity of the folate-hydrolyzing enzyme (FH-enzyme) which cata-
lyzes the hydrolysis of folic acid to pteroic acid and glutamic acid.
The method is based on analyzing [2-!4c]pteroic acid separated by a
thin-layer chrornatography on an Avicel SF cellulose plate using O.1
M potassium phosphate buffer, pH 7.0, as a solvent. This method
was found to be more sensitive than a conventional photometric method
to determine tha activity of the FH-enzyrne. High activities of the
enzyme were found in CTithidaa faseaeuZata ATCC l2857, Aleur?ospoTa
orassa IFO 6979 and rat liver. Smaller activities of the enzyme
were widely distributed in other microbial cells and mamnalian tis-
 sues.
Chapter VII;
      The folate-hydrolyzing enzyme (FH-enzyme) was purified 49-fold
 from the crude extract of C. faseieulata ATCC 12857 by heat treat-
 ment, colurm chromatographies on DEAE-cellulose and Sephadex G-200,
 and preparative polyacrylamide gel electrophoresis. [he final
 preparation was electrophoretically homogeneous. The enzyme had
 a molecular weight of 200,OOO daltons and consisted of 4 identical
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subunits which molecular weight was about 51,OOO daltons. The
enzyme hydrolyzed more effectively aminopterin, lffX and pABG than
 folate. The enzyme hydrolyzed more weakly the reduced folates,
dihydrofolate and 10-formyltetrahydrofolate than folate. The
enzyme did not act on pteroyl--y,y-diglutamylglutamate. The opti-
mum pH for the reactions with each substrate described above was 7.0.
Km values for folate, bTrX, aminopterin and pABG were O.13, O.46, O.40
and O.43 mbC, respectively. The enzyme activity was inhibited by
2--IGE, pCMB, chelating reagents such as ct,ct',or"-tripyridyl and batho-
                                           2+            2+                       2+2+phenanthroline, divalent cations such as Hg , Cu , Cd , Pb                                                             nd
  2+Zn
     , and by pyrophosphate and orthophosphate.
Chapter VIH;
     The I!I-enzyme of C. faseiezalata hydrolyzed various synthetic
Z-dipeptides such as Z-Phe-Ala and Z-Gly-Tyr, and Z-L-amino acids
such as Z-Phe, Z-Tyr and Z-Glu, as well as folate and MTX. The
 data shows that the enzyme is a lack of substrate specificity for
the or-carboxy terminal amino acids and Å}s a new type of carboxypep-
 tidase.
     From the results described in Chapter I through VIII, it is
concluded that C. j?aseaezalata ATCC 12857 metabolizes IY[TX and amino-
pterin as well as folate to compounds whÅ}ch may be used effectively
to promote its growth. Figure 1 summarizes the proposal of MTX
and folate metabolism in this protozoan. Brookerl) has reported
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                Membrane
       AMPte
                                                '
                           NADPHVit NADP'
                               DFR
                       Dibydrofotate Tetrahydrofolate k.
                            t
                            t
                           GTP
  Fig. 1. A Schema of ]Y[TX and Folate Metabolism of
that many microtubules are located under trilaminar
of C. faseaeuZata. The microtubules are known to
the receptors and carrier systems. C.
ent carrier systems for transporting biopterin and
biopterin carrier system is thought to be loeated in
             3)
                while it is still unknown about themicrotubules,
As described in Chapter V and reported by Rembold
folate transport in this protozoan was an
process, and the uptake of MIrX and aminopterin in
cantly the folate transport. These results
aninopterin uptake may share the carrier site for
the microtubules.
     MI]X inhibited stoichiometrically the DFR ' '
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             dUMP
          xl
         Thmidytate Synthetase
             dTMP. . DNA
           C. faseaeuZata.
                        '
           cell membrane
          be invoZved in
faseieuZata has two differ-
                 2)
                    and the     folate ,
           these pellicular
           folate system.
                    2)
         and Vaubel,
             the
 energy-dependent active
       hibited signifi-
     indicate that MTX and
         folate located in
     activity and compet-
ively the PtR:DFR activity of C. faseaeulata, in vatveo, as did a
                                   4)
                                      (see Chapters II and III).number of DFRs from various source
On the contrary, lffX inhibited only slightly the DFR activity, in
vivo, and promoted the growth of this protozoan as well as 6-alkyl-
                           5-8) .                                         8,9)pterins, sueh as biopterin, neopterin and 6-hydroxymethyl-
    . 8)
         (see Chapter I). The growth promoting effect of M[X waspterln
                                                  5,6)observed at the same concentrations as did folate. In Chapter
V, C. faseieuZata metabolized MTX to at least four compounds includ-
ing AMPte in vivo and excreted partially AMPte to the culture medium.
In Chapters V through VIII, the author also found from C. faseaezaZata
a new intracellular earboxypeptidase which catalyzed effectively the
hydrolysis of the amide linkage of folate and meX and was tentatively
                                           10)
                                               have reported thatnamed as the FH-enzyme. Rembold an  Eder
aminobiopterin (2,4-diamino--6-[L-e?yth?o-l,2-dihydroxypropyl]pteridine)
has a growth activity of C. faseaezaZata similar to that of biopterin.
These evidences suggest strongly that C. faseaeuZata may metabolize
usX to 6-alkylpterin compounds via the hydrolyzing reaction to AMPte
and the deaminating reaction of the anino group at C-4 of the pter-
idine ring.
     Folate is thought to be metaboliz-ed with the same process as
MTX in this protozoan, based on the following results: 1) Unlike
                                4)
                                   any evidence of folate reductionmamrnalian and bacterial sources,
was unable to be detected in the crude or partially purified frac-
tions of C. faseaeulata, including four reductases (see Chapter IX).
2) As bacteriall!) and mamrnalian cells}2) c. faseaeuZata had a GTp
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cyclohydrolase activity which catalyzed the initial reaction of the
de novo biosynthetic pathway of dihydrofolate. 3) Folate is me-
tabolized an vivo to 6-hydroxymethylpterin and biopterin which have
a greater promoting effect on the growth of c. fascieuzata.i3)
From the reasons described above, it is concluded that the FH-enzyme
catalyzes the initial reaction of the folate and MTX rnetabolic path-
way and also play a role in the detoxication of MTX in C. faseieu-
Zata.
     The new type of reductase, tentatively named as PtR:DFR, cata-
lyzed the reduction of various unconjugated pteridine compounds as
we!1 as dihydrofolate and dihydropteroate (see Chapter III). As
in the mammalian nervous system, serotonin hasbeendetected inC• faS"-
eaeuzata.i4) serotonin is synthesized de novo from tryptophan
by way of a tryptophan hydroxylase reaction requiring tetrahydro-
pteridines as a cofactor.15'i6) serotonin and s-hydroxytrypto--
phan are active in sparing the unconjugated pteridine requirement
of a. faseieuzata.17) [rhe author found in the crude extract of
this protozoan a tyrosine hydroxylase activity requiring the tetra-
hydropteridine compound. From these evidences, PtR:DFR may play
a role of the reduction of 6-alkylpteridine compounds for requiring
the aromatic amino acid hydroxylations in C. faseaeuZata.
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